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This thesis investigated the impact of pubertal maturation and sex on cardiovagal 
baroreflex sensitivity (BRS) and arterial properties of the common carotid artery (CCA), 
and the relationship between CCA arterial properties and BRS. This thesis also 
investigated the effect of orthostatic stress on arterial properties of the CCA and carotid 
sinus (CS), as well as their impact on BRS in response to orthostatic stress.  
 Children and adolescents between the ages of 8-18 years were examined. To 
assess pubertal maturation participants were organized into five pubertal groups based on 
the criteria of Tanner. BRS was assessed by transfer function analysis in the low 
frequency range (0.05 – 0.15Hz). Pulse pressure (PP) was measured at the CCA (PPCCA) 
and CS (PPCS) using applanation tonometry, and at the finger (PPFinger) using 
photoplethysmography. Ultrasound sonography and applanation tonometry were used to 
determine the distensibility coefficient (DC) at the CCA (DCCCA) and CS (DCCS). A 
moderate posture stimulus was implemented by passively moving participants into a 50° 
seated-recumbent (SR) position.  
The results demonstrated a sex-by-maturation interaction on BRS (p= 0.019). 
BRS decreased from early- to post-puberty in males (p<0.01), and remained unchanged 
in females. Females demonstrated greater BRS compared to males post-puberty (p<0.05). 
CCA distensibility was not affected by sex or maturation and was not related to BRS. 
PPCS was greater than PPCCA (p<0.001), while PPFinger was greater than both PPCCA 
(p<0.001) and PPCS (p<0.001). In response to SR, the relative change in PPFinger was 
significantly different than the relative change in PPCCA (p<0.001) and PPCS (p<0.001), 
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while the relative change between PPCCA and PPCS were not different. Finally, in response 
to SR there was a significant decrease in DCCS (p=0.001), but not DCCCA. The relative 
change in BRS in response to SR was significantly correlated to the relative change in 
DCCS (p=0.004), but not DCCCA.  
The findings demonstrated an important sex-dependent maturation effect on BRS 
in children and adolescents that was not explained by CCA distensibility. Also, the CS 
and CCA responded differently to orthostatic stress. The CS was more suitable to 
evaluate the effect of arterial distensibility on BRS in response to posture change.
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Chapter 1: Introduction 
 
Cardiovascular disease is the leading cause of death worldwide with an estimated 
17.3 million deaths in 2008.1 It is projected this number will rise to 23.3 million by 
2030.1 Cardiovascular risk factor assessment in childhood and adolescence may provide 
an important opportunity to understand and prevent future risk of cardiovascular disease 
development in adults. Autopsy studies have offered evidence that the process of 
cardiovascular disease development commences at a young age.2 Exposure to modifiable 
risk factors in childhood and adolescence is predictive of subclinical markers of 
cardiovascular disease in adults.3  
 The use of non-invasive measurement techniques has allowed for the assessment 
of cardiovascular health in children and adolescents, which includes common carotid 
artery (CCA) intima-media thickness (IMT) and distensibility measurements, and central 
pulse wave velocity (PWV).4 These techniques have furthered our understanding of the 
impact of early exposure to modifiable risk factors. Children and adolescents exposed to 
modifiable cardiovascular risk factors demonstrate a negative cardiovascular risk profile 
with a decrease in CCA distensibility, and an increase in IMT and central PWV.5-8 These 
findings are critical as these non-invasive measures have been shown to predict 
cardiovascular morbidity and mortality in adults.9, 10  
Autonomic cardiovascular control, as assessed by the measure of baroreflex 
sensitivity (BRS), is another important marker of cardiovascular health. Cardiovagal BRS 
refers to the ability of the autonomic nervous system, mainly the parasympathetic nervous 
system, to regulate beat-by-beat alterations in blood pressure via reflex adjustments in 
heart rate (HR). A reduced BRS is indicative of diminished autonomic function and is 
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associated with increased cardiovascular morbidity and mortality in adults.11, 12 
Baroreflex function can be further delineated into two components; the mechanical 
transduction of stretch to an afferent signal and the neural transduction of arterial stretch 
into a HR response.13 These components are referred to as the mechanical and neural 
components, respectively. They are particularly important when assessing diminished 
baroreflex function. The mechanical component is often quantified using CCA 
distensibility. Several investigators have quantitatively evaluated the individual 
components of the baroreflex in relation to age and hypertension in adults and have 
demonstrated that reductions in BRS are associated with reduced function of both the 
mechanical and neural component.14-16 Moreover, baroreflex function is important for 
blood pressure regulation in response to orthostatic stimuli. Reductions in BRS associated 
with orthostatic stress have been associated with the mechanical and neural components 
as well.14, 17, 18  
Research assessing autonomic function in children and adolescents has seen an 
increase in recent years. Cardiovagal BRS is reduced in children and adolescents exposed 
to modifiable cardiovascular risk factors.19-23 However, there is a lack of understanding of 
the maturation and development of BRS in children and adolescents. Furthermore, the 
impact of maturation on arterial distensibility, and the effect of arterial distensibility on 
BRS at rest and in response to orthostatic stress have been given little attention in 
children and adolescents. Understanding the maturation and development of BRS is 
necessary to determine the significance of diminished BRS at a young age, and possible 
long-lasting effects. Also, identifying the mechanism primarily influencing BRS in this 
population is critical for targeting interventions. 
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This thesis will examine autonomic cardiovascular control in children and 
adolescents by examining BRS. The impact of pubertal maturation on BRS and CCA 
distensibility will be assessed, as well as the impact of CCA distensibility on BRS at rest 
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Chapter 2: Review of Literature 
2.1 Autonomic Cardiovascular Control 
2.1.1 Autonomic Control of Heart Rate 
 
Heart rate (HR) is under the control of the autonomic nervous system, specifically 
the parasympathetic and sympathetic nervous systems. The parasympathetic nervous 
system functions to decrease HR, while the sympathetic nervous system functions to 
increase HR.24 Therefore, the parasympathetic and sympathetic nervous systems function 
in an antagonistic manner. Parasympathetic cardiac vagal fibres originate in the medulla 
oblongata, specifically at the nucleus ambiguus (NA) and dorsal motor nucleus of the 
vagus, and pass through the head and neck as the vagus nerve.24, 25 These vagal fibres 
then synapse with postganglionic fibres near the sinoatrial (SA) node, thus controlling 
HR.25-27 When stimulated, the nerve terminals of the postganglionic fibres release 
acetylcholine which decreases the rate of depolarization of the SA node and ultimately 
decreases HR. Cardiac sympathetic fibres originate in the upper thoracic and lower 
cervical segments of the spinal cord. The sympathetic nerve terminals release 
norepinephrine, which increases the rate of depolarization of the SA node and ultimately 
increases HR.25-27  
2.1.2 Autonomic Control of Blood Pressure  
 
The baroreflex arc is a negative feedback control system regulating beat-by-beat 
variations in blood pressure (BP) through reflex adjustments in R-R interval (RRI) and 
total peripheral resistance (TPR). An increase in RRI reflects a decrease in HR, and a 
decrease in RRI reflects an increase in HR. Arterial baroreceptors are stretch-sensitive 
mechanoreceptors located in the medial-adventitial layers of the carotid sinus and aortic 
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arch.28, 29 A branch of the glossopharyngeal nerve (cranial nerve IX), the sinus nerve, 
carries impulses from the carotid baroreceptors, while small vagal branches carry 
impulses from the aortic baroreceptors via the vagus nerve (cranial nerve X). These 
afferent signals converge centrally within the nucleus of the solitary tract (NTS) in the 
medulla oblongata.26 Once afferent neural impulses are transmitted and integrated 
centrally, an efferent response is initiated that alters parasympathetic and sympathetic 
activity.25, 27  
An example of baroreflex function occurs when there is a rise in systolic blood 
pressure (SBP); the artery wall will expand, causing deformation of the baroreceptors and 
a resultant increase in afferent neuronal firing. This increased firing initiates a reflex 
mediated increase in parasympathetic nerve activity that increases RRI (decreasing HR), 
and decreases sympathetic nerve activity to the peripheral vasculature. Conversely, 
afferent firing is reduced when SBP decreases, resulting in a decrease in parasympathetic 
nerve activity and an increase in sympathetic nerve activity. In both scenarios, the neural 
adjustments will affect both the heart and the blood vessels in an effort to return BP to its 
original set-point pressure.  
Cardiovagal BRS refers to the autonomic control of the parasympathetic nervous 
system on HR in response to acute and continuous perturbations in BP. Due to the rapid 
nature of the response in RRI (within one cardiac cycle), it is said to be vagally 
mediated.30, 31 As well, it comprises an integrative assessment of baroreflex function that 
can be quantified by relating the change in RRI to a given change in SBP.12 Hence, BRS 
can be used as an assessment of autonomic function and refers to the magnitude of 
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change in RRI for a given change in SBP. In this regard, a greater BRS is associated with 
better autonomic function. 
BRS can be further delineated into its mechanical and neural components. The 
mechanical component refers to the mechanical transduction of BP into arterial stretch, 
and can be quantified as the change in arterial diameter for a given change in SBP.13 The 
mechanical component represents the vascular properties of the artery and is responsible 
for baroreceptor activation. This is most often assessed using the CCA due to its ease of 
imaging with ultrasound sonography compared to the aorta.13, 15, 17 Furthermore, bilateral 
carotid sinus (CS) denervation results in chronically elevated BP,32 while resistant 
hypertensives implanted with carotid electrical stimulator devices demonstrate reductions 
BP.33 These findings demonstrate the importance of carotid baroreceptors in BP control. 
The second component is the neural component, which is quantified by the change in RRI 
to a given change in carotid diameter. This component reflects the neural transduction of 
carotid stretch into vagal outflow.13  
2.1.2.1 Arterial Baroreflex Pathway 
 
Carotid baroreceptors have been localized to the medial portion of the CS; distal 
to the bifurcation.29 The nerve endings of the CS nerve are located within the medial 
adventitial border. It has been shown that changes in CS diameter produces proportional 
firing of baroreceptor afferents.34 The vascular structure of the CS determines the amount 
of deformation of the baroreceptors in response to arterial pressure changes.35, 36 A more 
distensible or elastic artery will expand to smaller changes in pressure, which allows for 
smaller changes in BP to be detected. This in turn will result in a more tightly regulated 
BP. Therefore, the transduction of mechanical stretch into neural signaling relies on the 
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elastic properties of the artery to distend and create mechanical deformation of the vessel 
wall in response to an increase in arterial BP.25, 35  
 Afferent excitatory signals from the arterial baroreceptors are relayed to the NTS 
via the glossopharyngeal nerve. These afferent signals elicit reflex adjustments in 
parasympathetic and sympathetic nervous system activity. Excitatory signals act on the 
NTS via the neurotransmitter L-glutamate (Glu), which acts on N-methyl-D-aspartate 
(NMDA) receptors and non-NMDA receptors.25, 37 Baroreceptor excitatory signals 
projecting onto the NTS result in excitatory signaling of the caudal ventrolateral medulla 
(CVLM), which in turn results in inhibitory signals to the rostral ventrolateral medulla 
(RVLM) via GABAergic neurotransmission, effectively causing sympathoinhibition 
(decreasing sympathetic nervous system activity).25-27, 38 Concurrently, excitatory signals 
from the NTS act on the nucleus ambiguus (NA), increasing parasympathetic activity, 
and ultimately decrease HR. Together, the NA and RVLM neural pathways serve to alter 
HR and TPR, and are the pathways by which the baroreflex responds to acute 
perturbations in BP.  
2.2 Baroreflex Measurement 
 
A common method of assessing BRS is through the use of pharmacological 
techniques with vasoactive drugs to create a rise and fall in arterial pressure.31, 39-41 This 
technique is known as the modified oxford technique and is commonly used in order to 
assess integrated BRS, as well as examining the mechanical and neural components of 
BRS separately.13, 15 It is considered the ‘gold-standard’ technique of determining BRS. 
This method initiates a decrease in BP through the administration of a vasodilator 
(sodium nitroprusside), which is followed sequentially by a vasoconstrictor agent 
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(phenylephrine) to increase BP. Average RRI and corresponding SBP, in bins of 1-3 
mmHg, are fitted to a linear regression and BRS is determined by the slope of the line.40, 
42, 43   
This drug-induced method also allows for stimulus-response curves to be 
generated over a large range of BP.39, 42 An example of a stimulus-response curve is given 
in Figure 2-1. The threshold of the baroreflex function curve is a plateau in which a 
decrease in BP no longer results in a decrease in RRI. The saturation is the upper-level 
plateau in which an increase in SBP no longer results in an increase in RRI. The response 
range is the difference in max and min RRI response. The centering point is the SBP 
value that elicits an equal pressor and depressor response. The gain at the centering point 
is the max gain and is used as an index of BRS. Finally, the operating point is the SBP 
and corresponding RRI value recorded pre-stimulus.  
 
Figure 2-1 
Baroreflex stimulus-response curve. Adapted from Schwartz et al., (2013)42 
 
This method of assessing BRS is invasive in nature and not always practical in 
population studies. Furthermore, the invasive nature of drug-induced changes in BRS is 
not ethically sound for assessment in children. Various non-invasive measurements of 
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BRS have been implemented such as spontaneous assessments using the sequence 
technique or transfer function analysis. The non-invasive assessment using transfer 
function analysis was chosen for this thesis and will be described in detail.  
2.2.1 Transfer Function Analysis 
 
  Power spectral analysis of beat-by-beat RRI and SBP data is based on the 
concept that natural spontaneous oscillations in BP elicit oscillations in RRI at a similar 
frequency range, which is related to baroreflex activity.12, 44, 45 Two frequency bands are 
considered: the low-frequency (LF) band (0.05-0.15Hz), and the high frequency (HF) 
band (0.15-0.5 Hz).  Respiratory sinus arrhythmia (RSA) operates within the HF band 
and is controlled by vagal activity.46, 47 The baroreflex operates at the LF band and 
comprises both parasympathetic and sympathetic nervous system activity.48 In fact, 
sinoaortic denervation has been shown to eliminate activity in the LF band.49 Therefore, 
BRS can be estimated as the LF gain of the transfer function modulus, and is described 
below. 
 Successive recordings of SBP and RRI are taken simultaneously and are 
resampled to become equidistantly spaced in order to create power spectra using fast-
fourier transform (FFT).44, 46 Figure 2-2 (top panel) is an example of a time-series 
recording of RRI, SBP and diastolic BP (DBP). The bottom panel illustrates the power 
spectral density of RRI and SBP in their respective frequency domains. Superimposed on 
the RRI power spectra is a respiratory signal that demonstrates power in the HF band. 
The power spectra show the amount of variability as a function of frequency, and are 
calculated as the area under the curve whereby values are expressed as ms2 for RRI and 
mmHg2 for SBP.44, 46, 50 Transfer function analysis is commonly used to examine the gain 
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of the relationship between SBP and RRI.44, 46, 47, 51  
The transfer function gain examines the cross-spectral correlation between SBP 
and RRI power spectra and normalizes it to the power spectrum of SBP. This is 
calculated in a specified frequency band so long as the linear coupling (coherence) is 
≥0.5.31, 44, 46 The magnitude-squared coherence determines the linear relationship between 
SBP and RRI in a manner that 0 is considered no relationship and 1 is considered a 
perfect linear relationship.  This technique has been reviewed extensively12, 45, 52, 53 and 
applied to both adults,47, 51, 54 and children and adolescents.20, 21, 55-59 This technique 




       
Figure 2-2 
(Top) Successive time series collection of RRI (left) and SBP and DBP (right). (Bottom) 
Power spectra of RRI (left; solid line), respiration (left; dotted line), and SBP (right) 
represented in their frequency domains. Adapted from deBoer et al., (1987)46 
 
Studies have compared BRS assessed by transfer function analysis to 
pharmacological methods, and demonstrated that it is a useful index of BRS.42, 44, 49 
Robbe et al., (1987)44 found a correlation of 0.94 (n=8, p<0.001) during rest, and a 
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similar correlation was found during task performance, when gain was reduced. These 
findings suggest that transfer function analysis is a valuable index of BRS at rest and 
during interventions that reduce BRS. Comparisons with pharmacological techniques 
cannot be accomplished in children and adolescents due to its invasive nature; however, 
good agreement has been demonstrated between various non-invasive techniques. 
Rüdiger et al., (2001)59 compared transfer function analysis to sequence methods of BRS 
and found that the sequence method produced significantly greater BRS values, though 
the correlation between the two methods was strong (r=0.95). Furthermore, a Bland-
Altman test showed little difference between the methods.  
The use of transfer function analysis in adults has demonstrated good-to-moderate 
day-to-day reproducibility in healthy adults. The test-retest relative reliability measured 
in healthy adults demonstrated an intraclass correlation coefficient (ICC) of 0.77 (95% 
CI: 0.62, 0.87); indicating that 23% of the measurement variability across the study 
population is due to intraindividual variability, while the remaining is due to 
interindividual variability.60 The coefficient of variation in adults has been shown to 
range from 15-25%. Moderate day-to-day reproducibility of BRS, using transfer function 
analysis, has also been demonstrated in children and adolescents.56, 59 Dietrich et al., 
(2010) demonstrated a moderate intraclass correlation coefficient of 0.49 with a 
coefficient of variation of 13.8%. Rudiger et al., (2001)59 found a within session 
coefficient of variation of 21% in participants between 7-27 years of age. The findings in 
children and adolescents resemble those in adults. Therefore, the use of transfer function 
analysis for BRS determination is reliable and sufficient for research purposes to detect 
real differences between children and adolescents.56 
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The utility and accuracy of the transfer function calculation of BRS has been 
questioned for its use in examining BRS while resting, or during orthostatic stress.17, 61 
Nevertheless, it has shown to correlate well with the ‘gold standard’ measure.42 However, 
important methodological differences need to be considered when comparing BRS 
between methods. The modified oxford technique allows for the generation of baroreflex 
function curves over a large range of SBP values, whereas the transfer function technique 
examines BRS with more subtle changes in SBP around the operating point.  
A recent study by Schwartz et al., (2013)42 demonstrated that BRS measured at 
the operating point (21.2 ms/mmHg) using the modified oxford technique provides 
similar BRS values as those derived by transfer function analysis (19.5 ms/mmHg), 
compared to 26.1 ms/mmHg derived at the centering point. In fact, all three values 
corresponded well as the centering point was similar in location to that of the operating 
point. However, when the centering and operating points are separated as a result of 
resetting in response to orthostatic stress, the slope at the centering point (28.3 
ms/mmHg) becomes significantly different from that of the operating point (8.6 
ms/mmHg) for the modified oxford technique. In comparison, BRS measured at the 
operating point corresponded well with transfer function analysis (8.6 ms/mmHg) in 
response to orthostatic stress; both demonstrating a 60% decrease in BRS.42 Most studies 
using the modified oxford technique derive BRS at the centering point (i.e. maximal 
slope, Gmax), not the operating point. Therefore, contrary to previous reports, the use of 
transfer function analysis for BRS assessment is an accurate assessment of BRS in both 
supine and HUT.  
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2.2.2 Measuring the Mechanical and Neural Components of BRS 
 
As previously mentioned, integrated baroreflex function can be separated into its 
mechanical and neural components. In fact, several investigators have quantitatively 
evaluated the individual components using both the modified oxford technique and 
transfer function analysis.14-16 Using the modified oxford technique, RRI, BP, and carotid 
artery diameter are recorded simultaneously during the pharmacological increases and 
decreases in arterial pressure. To examine the mechanical component, systolic carotid 
diameters and SBP are fitted to a linear regression and the slope of the line is used as an 
index of the mechanical component.13 The mechanical component refers to the change in 
systolic carotid diameter for a given change in SBP. To determine the neural component, 
RRI is plotted against systolic carotid diameter.13 The neural component refers to the 
change in RRI for a given change in systolic carotid diameter.  
The mechanical and neural components of integrated BRS have also been 
assessed using transfer function analysis, as previously described for integrated BRS,44 
by implementing advanced imaging techniques.14 Simultaneous recordings of carotid 
arterial diameters and spontaneous arterial BP fluctuations can be measured for extended 
durations (3-5 mins). The mechanical component can be determined as the transfer 
function gain of SBP to carotid diameter, while the neural component is the transfer 
function gain of carotid diameter to RRI.14  
Together, these techniques have been used to assess the individual components of 
BRS in a variety of populations and experimental conditions.14, 15, 17, 62 However, these 
techniques are difficult to implement in all laboratory settings due to the invasive nature 
of the modified oxford technique and advanced methodologies required for carotid 
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diameters for transfer function assessment. Measuring carotid artery distensibility (see 
section 2.7.3) and its relationship to BRS is a commonly used method to assess the effect 
of arterial mechanics on BRS; this is particularly useful in an adolescent population. This 
technique has also been implemented in a variety of populations and experimental 
conditions.18, 57, 63, 64 Assessing arterial mechanical properties in relation to BRS is 
essential as baroreceptor activation occurs in response to arterial distension. Therefore, 
stimulus detection (pressure change) and baroreflex gain measurements are dependent on 
the elasticity of barosensory vessels. The buffering capacity of the baroreflex to 
perturbations in pressure will be reduced in a stiffened vessel compared to an elastic one, 
as larger changes in pressure are required to provide similar distension. Consequently, 
evaluation of the neural component of the baroreflex is dependent on the elasticity of the 
vessel wall and its ability to distend. Moreover, although the aforementioned techniques 
demonstrate utility for isolating each component of the baroreflex, the neural component 
is a cluster of indiscernible subcomponents that includes baroreceptor activation and 
afferent signaling, central processing, efferent fibre activity, and end-organ (cardiac) 
responsiveness. Taken together, evaluating elastic properties of barosensory vessels and 
their relationship to baroreflex function provides pertinent information of baroreflex 
function and dysfunction.  
2.3 Clinical Importance of BRS in Adults 
 
The importance of BRS extends beyond its capacity to buffer alterations in BP. It 
has been well documented in adults that a lower BRS after myocardial infarction 
increases risk of sudden cardiac death.11, 65, 66 In a study assessing the clinical 
implications of BRS in risk stratification of patients with previous myocardial infarctions, 
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it was found that a BRS of <3 ms/mmHg was a significant and independent predictor of 
total cardiac mortality with a relative risk of 2.68 (95%CI 1.24-6.16).11 Furthermore, 
decreased BRS has been shown to be an independent predictor of cardiovascular 
mortality in heart failure patients.67 In this study a BRS value of <3.1 ms/mmHg was 
associated with a high risk of cardiac mortality (hazard ratio: 3.2, 95%CI 1.7-6).67 These 
studies demonstrate the clinical and prognostic importance of measuring BRS in patients 
with heart failure or a previous myocardial infarction.  
Diminished BRS has been demonstrated in aging,63, 68 as well as in obesity,69, 70 
hypertension,71 and coronary artery disease,72 compared to healthy controls; signifying 
that low BRS is a marker of cardiovascular disease. As mentioned above, this is of 
clinical importance as reduced cardiovagal BRS is predictive of sudden cardiac death in 
heart failure patients and individuals with previous myocardial infarction.11, 67 
The role of baroreflex impairment in children and adolescents is particularly 
important because cardiovascular health in childhood is predictive of cardiovascular 
health as an adult.3 Studies have shown BRS is reduced in children with obesity and 
hypertension.58, 73 Therefore, assessing autonomic function is clinically important in 
determining cardiovascular health in children.  
2.4 Cardiovascular Risk Factors and BRS in Children 
2.4.1 Blood Pressure and BRS in Children 
 
It is important to consider BP levels when assessing BRS as hypertension has 
been shown to reduce BRS in adults, as well as children and adolescents. Several studies 
have demonstrated that high BP results in reduced BRS in children and adolescents.22, 71, 
73, 74 Genovesi et al., (2008)22 found that BRS was reduced in both hypertensive and pre-
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hypertensive children compared to controls. Krontoradova et al., (2006)73 also found that 
BRS was diminished in children and adolescents with hypertension compared to controls. 
Likewise, a study by Fitzgibbon et al., (2012)20 examined the association between BP and 
BRS in children categorized into high BP and normal BP groups. However, the sample as 
a whole was not hypertensive, or even pre-hypertensive. It was found that children in the 
high BP group had significantly reduced BRS compared to those in the normal BP group, 
even after controlling for sex, BMI, and maturation. This study extends previous findings 
to a clinically normotensive sample, and further highlights the important relationship 
between BP and BRS.  
Outlining detailed mechanisms associated with reduced BRS with elevated blood 
pressure is beyond the scope of this study and will only be covered briefly. Hypertension 
can negatively impact both components of the baroreflex. It has been demonstrated in 
children and adolescents, as well as adults, that hypertension and elevated BP decreases 
arterial distensibility.5, 8, 75, 76 This decrease in distensibility (increased arterial stiffness) 
may be associated with diminished BRS in hypertension.75 Furthermore, a diminished 
neural component, determined using transfer function analysis in adults, has also been 
attributed to diminished BRS in hypertensive adults.16   
2.4.2 Obesity and BRS in Children 
 
The effect of obesity on BRS has been examined in children and adolescents. It 
has been consistently reported that BRS is reduced with obesity.19, 58, 71, 73, 77 In a study by 
Lazarova et al., (2009)77 BRS was reduced in 20 obese adolescents compared to 20 age- 
and sex- matched controls. An interesting finding in this study was that BRS was stable 
over three time intervals, recorded every 15-minutes, in the obese group, while varying 
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significantly in the control group. Furthermore, a negative correlation between BRS and 
BMI (r=-0.51, p<0.05) was found in the obese group. These findings are further 
supported by studies in larger populations, and demonstrate the importance of BMI when 
examining BRS.19, 55 Indeed, our lab has demonstrated the influential role of body fat 
when examining BRS.21 When comparing children and adolescents with and without 
developmental coordination disorder, it was found that BRS was reduced in those with 
developmental coordination disorder and this difference was explained by increased body 
fat percentage.  
A detailed review on the mechanisms of obesity-related reductions in BRS is 
beyond the scope of this thesis, and will be covered only briefly. Obesity can impact both 
components of BRS. Our lab has demonstrated that arterial distensibility is reduced in 
overweight and obese children and adolescents.23 The reduction in arterial distensibility 
may result in decreased BRS, as several investigators have reported an important 
relationship between arterial stiffness and BRS.63, 64 Obesity may also influence the 
neural component of BRS, as it has been shown that microinjection of leptin in the NTS 
of rats impairs BRS.78  
2.5 Physiological Factors Associated with BRS 
2.5.1 Effect of Age on BRS 
 
Several investigators have demonstrated a negative and linear association between 
BRS and age in adults.15, 62, 63, 68, 79-81 Elucidating the mechanism involved with the age-
related decline in BRS has proven to be more difficult. Changes can occur in either the 
mechanical or neural component, or both. Monahan et al., (2001)62 demonstrated that an 
age-related reduction in BRS was associated with decreased carotid compliance, and that 
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endurance trained older adults had higher BRS compared to untrained older adults, which 
was attributed to improved arterial compliance. Several other studies have demonstrated 
the importance of arterial stiffness on cardiovagal BRS.14, 64, 82 Conversely, several 
studies have suggested the contribution of neural dysfunction on reduced BRS with age is 
most important.15-17 Hunt et al., (2001)15 found that BRS decreased with age as a result of 
decreased neural and mechanical components. However, BRS was greater in physically 
active older adults compared to sedentary older adults as a result of an increased neural 
component. Collectively, studies have demonstrated the importance of both the 
mechanical and neural components on the age-related decline in BRS.14-16, 62, 63, 83 
In contrast to findings in adults, the effect of age on autonomic control of BP is 
less clear in children and adolescents. Lenard et al., (2004)57 assessed the development of 
cardiovagal autonomic function in a sample of subjects 7-22 years old and found that 
spontaneous indices of BRS increased from early childhood (7-10 years old) to 
adolescence (15-18 years old), and remained elevated in young adults (19-22 years old). 
In contrast, carotid artery distensibility decreased from early childhood to adolescence, 
with no further decrease in young adults. It was concluded that increased cardiovagal 
autonomic function with age was a result of improved neural functioning. However, 
Zavodna et al., (2006)84 found that BRS was unrelated to age in children and adolescents 
aged 11-20 years. Discrepancies in findings with respect to age and BRS in children and 
adolescents may arise from the lack of consideration of the impact of puberty on 
autonomic control.  Further work is necessary to establish the age-related changes in BRS 
in children and adolescents.  
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2.5.2 Effect of Sex on BRS 
 
Investigations into the effect of sex on cardiovagal BRS in both children and 
adolescents, as well as adults, are similar in that some studies have found females to have 
lower BRS than males,55, 68, 85 while others have found no difference.57, 86, 87 Zavodna et 
al., (2006)84 found that BRS, assessed using transfer function analysis, was not different 
between males and females in a sample of 415 participants aged 11-20 years old. This is 
consistent with an earlier study in children and adolescents 7-22 years old.57 In contrast, a 
study by Dietrich et al., (2006)55 found that BRS, measured using transfer function 
analysis, was greater in 10-13 year old males compared to females (16.4 ± 9.4 vs. 14.3 ± 
8.7 ms/mmHg, respectively). In adults, Beske et al., (2001)85 assessed sex differences in 
cardiovagal BRS while controlling for important determinants of BRS such as age, BMI, 
oral contraceptives, aerobic fitness, and percent body fat. The results demonstrated an 
independent sex difference in which women had lower cardiovagal BRS compared to 
men. Percent body fat was marginally related to BRS, and aerobic fitness had no effect; 
therefore, mechanisms other than body composition or aerobic fitness are responsible for 
reduced BRS in women. Similarly, a study by Laitinen and colleagues (1998)68 
investigated the effects of age and sex on cardiovagal BRS and found women to have 
lower BRS compared to men (10.2 ± 1.1 vs. 15.0 ± 1.2 ms/mmHg, respectively).  These 
differences were not explained by plasma hormone concentrations of epinephrine, 
norepinephrine, insulin, or renin. Furthermore, 24% of middle-aged women and 24% of 
old women had a BRS value <3ms/mmHg, while none of the middle-aged males had 
BRS values <3ms/mmHg, and 18% of older men did.  
The importance of sex hormones on BRS has also been evaluated. El-Mas et al. 
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(1998)88 examined the effect of estrogen replacement on BRS in ovariectomized rats. In 
this study, three groups were used: a sham-operated group that received a sham surgery, a 
group that had their ovaries removed, and a group where estrogen was replaced after 
ovariectomy. The rats treated with estrogen had similar BRS values to the sham-operated 
rats and both groups had higher values than the ovariectomized rats.  A similar study was 
conducted in male rats that were either sham operated, or castrated with and without 
testosterone replacement.89 The bradycardic response to phenylephrine was reduced in 
castrated rats when compared to sham-operated controls. However, the male rats that 
were castrated and subjected to testosterone replacement had a similar bradycardic 
response to phenylephrine as the sham-operated rats. These findings from animal studies 
suggest that sex hormones influence BRS. Studies have been extended to humans with 
inconsistent findings. A study by Huikuri and colleagues (1996)90 provides evidence that 
estrogen is protective on BRS. In their study, a group of post-menopausal women on 
hormone replacement therapy were compared to a group of post-menopausal women not 
on hormone replacement therapy. Those women on hormone replacement therapy had 
BRS values higher than women not on therapy. Furthermore, women on estrogen 
replacement therapy had a similar BRS value compared to age-matched men.  However, 
in a study by Hunt et al., (2001),91 six-months of hormone replacement therapy did not 
improve cardiovagal BRS in post-menopausal women. In a recent study by Wenner et al., 
(2013)92 a group of young healthy women were given a gonadotropin releasing hormone 
antagonist for 10 days to eliminate ovarian hormone concentrations, and were then 
supplemented with estrogen. Those women were also split in to a high orthostatic 
tolerance and low orthostatic tolerance group based on lower body negative pressure 
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testing. Cardiovagal BRS, assessed by the modified oxford technique, was not improved 
with estrogen supplementation in the high tolerance group, but was in the low tolerance 
group. Additionally, it was found that the low tolerance group had less forearm 
vasoconstrictor responses to lower body negative pressure, which further decreased with 
estrogen supplementation. The authors concluded that individuals may vary in their 
sensitivity to estrogen and improved cardiovagal BRS in the low tolerance group may be 
a compensatory mechanism for decreased vasoconstrictor responses. 
Numerous studies have also assessed the effect of ovarian hormones on BRS 
during the menstrual cycle, and have reported conflicting findings. Minson et al., (2000)93 
found no difference in cardiovagal BRS in the mid-luteal phase of the menstrual cycle, 
when estrogen and progesterone are elevated, compared to the early follicular phase, 
when estrogen and progesterone are low. Similarly, Hayashi et al., (2006)94 found that 
BRS remained stable throughout all phases of the menstrual cycle. This is consistent with 
several other studies demonstrating no effect of menstrual phase on BRS.87, 95 In contrast, 
Tanaka et al., (2003)96 examined cardiovagal BRS using the modified oxford technique 
throughout the menstrual cycle. During the pressor stimulus (increasing SBP), BRS was 
significantly greater in the pre-ovulatory phase (high estrogen and low progesterone) 
compared to both the early follicular phase (low estrogen and progesterone), and the mid-
luteal phase (high estrogen and progesterone). There was no difference between the early 
follicular and mid-luteal phase. Furthermore, in response to the pressor stimulus men had 
greater BRS compared to women in the early follicular phase only. In response to the 
depressor stimulus (decrease SBP), BRS was greater in the early follicular phase 
compared to the pre-ovulatory and mid-luteal phase. Men had lower BRS than females in 
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the early follicular phase only, in response to the depressor stimulus. In addition, BRS 
significantly correlated with estradiol concentration, for the pressor test only.  
It has been suggested that disparities in BRS fluctuation throughout the menstrual 
cycle may be a result of varying participant age and hormonal concentrations among 
studies.92, 94 The method of measuring BRS may also influence findings between studies. 
In the study by Tanaka et al., (2003)96 there was no difference in menstrual cycle phase 
evident using the spontaneous sequence technique for increases in SBP, while only 
decreases in SBP  followed a similar pattern as seen in the depressor response using the 
modified oxford technique. Furthermore, no sex differences were evident using the 
spontaneous sequence technique. A similar pattern is evident for studies assessing sex 
differences in adults, in which spontaneous measurements of BRS do not demonstrate sex 
differences in BRS.81, 86, 97   
2.5.3 Maturation  
 
 Maturation is the process of attaining biological maturity and is typically 
evaluated by assessing sexual maturation. Sexual maturity refers to fully functioning 
reproductive capabilities. Maturation of the nervous and endocrine systems is a major 
factor underlying sexual maturation.98 Puberty is a process that involves growth and 
sexual maturation, resulting from coordinated neuroendocrine alterations, and leads to 
internal and external changes in primary and secondary sexual characteristics.99, 100 It is a 
process that begins in late childhood and early adolescence. The timing and tempo of 
puberty refers to the age of onset of puberty and the rate of progression through puberty, 
respectively.98, 99 Puberty, and the timing and tempo of puberty, can have important 
implications for physiological outcomes under study.101 Sexual maturation is associated 
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with significant increases in testosterone and estrogen, and is typically assessed by the 
development of secondary sex characteristics; breast and pubic hair for girls, and testes 
and pubic hair for boys. The most commonly utilized method of staging puberty is the 
criteria by Tanner.102, 103 It is important to understand how the physiological and 
behavioural changes that occur during puberty impact the outcomes under study.  
 The period of adolescence has been identified as a critical time period for BP 
monitoring,104 and a period shown to influence adiposity.105, 106 Therefore, puberty is a 
sensitive period when development is vulnerable to external stimuli, as well as internal 
stimuli such as hormonal changes. As previously mentioned, BRS is decreased in 
children and adolescents with cardiovascular disease risk factors.19, 20, 22, 77 Thus, 
understanding the healthy maturation of baroreflex function during puberty may provide 
insight into the impact of diminished BRS, associated with cardiovascular disease risk 
factors, in children and adolescents. For example, one study assessed the impact of 
puberty on the therapeutic effects of asthma medication.107 Pubertal stage was found to be 
associated with the half-life of the medication, and age alone was not sufficient to 
determine the dosage.107 These findings highlight the importance of evaluating pubertal 
maturation when examining physiological health outcomes.  
The following sections will summarize what is known in relation to maturation of 
the autonomic nervous system and BRS. Due to limited research on BRS, a focus is given 
to autonomic control of HR as assessed by heart-rate variability (HRV).  
2.5.3.1 Maturation and Autonomic Control of HR 
 
As previously mentioned, HR is under the control of the sympathetic and 
parasympathetic nervous systems. Many studies examining the development of the 
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autonomic nervous system, with respect to age, have utilized HRV as a surrogate for 
autonomic function. HRV can be determined by calculating the area under the power 
spectral density curve of RRI for both the LF and HF domain (Figure 2; bottom panel). 
The LF domain represents sympathetic and parasympathetic activity, while the HF 
domain represents solely parasympathetic activity.50 Furthermore, the LF/HF ratio is 
often used as a surrogate marker of sympathetic activity.50 Autonomic cardiac control, 
assessed by HRV, shows development across the span of infancy, childhood, and 
adolescence. Korkusko et al., (1991)108 examined HRV across the lifespan from infants 3-
months old to older adults 89 years of age. Individuals were grouped from 3-12 months, 
and then at 5-year intervals after that. This study found that HR was highest in infants 3-
12 months of age (mean=125 bpm, SEM = 3.1), with a significant decline to the third 
decade of life. During the first two decades of life there was a 5-fold increase in HF 
power, reaching a maximum at 15-19 years of age, declining thereafter. The rate of 
increase in LF power lags HF, and reaches its max a decade later. These findings suggest 
the balance between parasympathetic and sympathetic control of the heart, and the 
magnitude and rate of development, varies with age.  
Similarly, Lenard et al., (2004)57 examined LF and HF power spectra of HR in 
children grouped into age categories of 7-10 years, 11-14 years, 15-18 years, and 19-22 
years. Both HF and LF peaked in the 15-18 year old group, and were significantly greater 
than the 11-14 year old group only. This difference disappeared in the 19-22 year old 
group. Several other studies have demonstrated alterations in autonomic cardiac control 
in children and adolescents with age.109-112  
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In order to comprehensively assess autonomic control of the heart in children, 
Tanaka et al., (1998)113 used pharmacological interventions to isolate both the 
parasympathetic and sympathetic nervous system contributions to changes in HR, and 
compared these findings to previously reported results in adults.113 Children were found 
to have greater vagal tone (as determined by atropine) and augmented responsiveness to 
adrenoreceptor stimulation of the heart and blood vessels (indicating lower sympathetic 
activity) compared to adults. Furthermore, complete autonomic blockade of vagal and 
sympathetic activity demonstrated a negative correlation between HR and age. The 
authors concluded that vagal predominance is necessary to balance cardiac function as a 
result of higher non-neuronal cardiac function in children, which is likely attributed to 
chronotropic automaticity. Similarly, Yamanka et al., (2006)114 found that in response to 
active standing, the change in maximum HR increased with age from childhood (6-9 
years old) to young adulthood (20-24 years old). This pattern exhibits maturation of vagal 
activity and sympathetic activation in children and adolescents. This is a consistent 
finding in children and adolescents in response to active standing.115, 116 The greatest 
increase was seen between the 6-9 year old group and the 10-14 year old group. This 
finding is consistent with previously mentioned reports demonstrating maturation of 
autonomic cardiac control in children and adolescents. 109-112   
2.5.3.2 Effect of Maturation on BRS 
 
During adolescence, individuals of the same chronological age may not be at the 
same stage of pubertal maturation. There is a clustering of age ranges within specific 
stages of puberty.101 While various studies have assessed the effect of age on BRS, only 
one has looked at the effect of maturation. Dietrich and colleagues (2006)55 examined the 
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influence of puberty on BRS in a large population-based cohort of children aged 10-13 
years. Pubertal stage (pre-adolescent vs. adolescent) was not related to BRS in both 
supine and standing positions. These findings should be interpreted with caution, as 
children were broadly grouped and a full assessment of maturation was not completed. 
Additionally, the change in BRS in going from supine to a standing position was greater 
in the adolescent group compared to the pre-adolescent group. This finding suggests that 
autonomic adaptation to orthostatic stress is more pronounced in the mature group. This 
supports the aforementioned studies of increasing HR response in response to orthostatic 
stress.114, 116  
Furthermore, while some studies have controlled for pubertal maturation on BRS, 
19, 20 this is not common practice. The importance of understanding the effect of pubertal 
maturation on BRS is based on the fact that puberty is associated with significant 
physiological changes,117 and increases in sex hormone concentration.99, 101 As indicated 
in the previous section (see section 2.5.2), sex hormones have been shown to influence 
BRS. Furthermore, altered autonomic maturation in situations of cardiovascular disease 
risk factors such as obesity,19, 58 and elevated BP20, 71 may have important long-lasting 
consequences. This cannot be adequately determined prior to understanding the 
maturation of BRS.   
2.6 Baroreflex Response to Orthostatic Stress 
 
Orthostatic stress is the gravitational stress placed on the body when a person 
moves from a supine to upright position. It is a stress encountered daily that the 
autonomic nervous system, via the baroreflex, must repeatedly adjust to in order to 
maintain adequate BP. Orthostatic stressors, such as lower body negative pressure 
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(LBNP) or head-up tilt (HUT), shift blood volume to the lower extremities, decreasing 
central blood volume. 118-121 Kitano illustrated the cardiovascular responses of both 
LBNP, at varying levels, and 60° HUT. With increasing levels of LBNP (-20mmHg to -
40mmHg) there was a decrease in cardiac filling, cardiac output (CO), and stroke volume 
(SV). HR also increased significantly from baseline to -40 mmHg; however, mean 
arterial pressure (MAP) remained unchanged throughout. Similar responses were evident 
for HUT. Furthermore, brachial and femoral blood flow decreased with each stimulus 
level, and brachial and femoral vascular resistance increased. These important 
hemodynamic adjustments that occur in response to an orthostatic stimulus are baroreflex 
mediated and involve an increase in CO, via elevated HR, and an increase in peripheral 
vascular resistance.118, 119, 121-125 
Assessing BRS during orthostasis provides a means to assess the integrity of the 
baroreflex to maintain BP. BRS has been shown to decrease in response to orthostatic 
stress.17, 18, 123, 126 The mechanism behind the decrease in BRS during orthostasis is not 
well understood. Some investigators suggest the mechanical component of BRS to be 
reduced,14, 18 while others maintain that the neural component is the cause.17 A study by 
Saeed and colleagues (2009)14 reported that the reduction in BRS from supine to sitting 
was due to attenuation of the mechanical component, while the neural component was not 
affected. Similarly, a study by Steinback et al., (2005)18 assessed the relationship between 
carotid distensibility and BRS in response to HUT and found that the change in maximal 
distensibility of the carotid artery was positively correlated with change in BRS.  
In contrast to these previous findings, a study by Taylor et al., (2013)17 assessed 
the mechanical and neural components of BRS during supine and active standing using 
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the modified oxford technique. BRS was significantly reduced during standing as a result 
of a reduced neural component.17 The authors suggested disparities in the literature may 
be due to the difference in methodologies used, and further suggested the use of 
spontaneous BRS in previous studies14, 18 to be an inferior method of choice.  
Although differences in methodologies used may explain some of the variability 
in findings, the location at which the mechanical component has been studied may be a 
factor as well. For example, it is well established that arterial baroreceptors are located in 
the medial-adventitial layer of the CS.28 However, most studies use CCA diameter and 
peripheral pulse pressure (PP) from the finger, rather than directly evaluating the CS, to 
assess the mechanical component of the arterial baroreflex.14, 15, 17 This may be a 
limitation as Steinback et al., (2004)127 demonstrated a differential response in central PP 
compared to peripheral PP in response to orthostasis, where change in PP obtained from 
the finger did not reflect central changes in PP. Another study demonstrated that the CS 
stiffens sooner than the CCA in older compared to young adults; therefore, the CCA may 
not reflect changes in the CS.128 Taken together, directly assessing the CS may provide a 
more accurate assessment of the mechanical component of BRS.  
The cardiovascular response to orthostatic stress in children and adolescents has 
been examined using passive HUT,129 active standing,55, 114-116, 130 and LBNP.131, 132 
Similar to adults, children demonstrate an increase in HR, DBP and TPR, and a decrease 
in CO and SV, while SBP and MAP remain stable.56, 114, 116, 129 Furthermore, forearm 
flow and calf blood flow decrease, while vascular resistance increases with HUT, 
suggesting intact peripheral vasoconstrictor responses in children 13-19 years of age.129 
When comparing children to young adults, Yamaguchi et al., (1996)116 found that the HR 
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response to active standing was lower in children. Similar findings were evident in a 
study by Yamanaka et al., (2006),114 suggesting an underdeveloped autonomic nervous 
system. This coincides with the finding of maturational development of BRS in children 
and adolescents at rest57 and in response to active standing.55 However, few studies have 
assessed BRS in response to orthostatic stress in children and adolescents. The results of 
these studies vary with respect to changes in BRS. Dietrich and colleagues have shown 
that in response to active standing, BRS decreased in boys and girls similarly.55, 56 
Another study assessed BRS in pre-pubertal children in response to LBNP and found that 
BRS was not significantly reduced at levels of -15, -20, and -25mmHg; however, it was 
suggested that the stimulus might not have been sufficient to stimulate arterial BRS.131 To 
our knowledge there is no study assessing the arterial mechanical component of BRS in 
response to orthostasis in children and adolescents.  
2.7 Assessing Arterial Stiffness 
 
As previously mentioned (see section 2.3), an important component of baroreflex 
function is the distensibility, or stiffness of an artery. The CCA is most often used when 
assessing the effect of arterial distensibility on BRS, and the carotid-cardiac baroreflex is 
often examined in experimental studies due to its ease of access and the importance of 
carotid baroreceptors on baroreflex function.32, 64, 122, 133, 134 Several studies have shown 
that decreased CCA distensibility is associated with decreased BRS.15, 62, 63 The following 
sections will outline the surrogate measures of arterial stiffness and how age, maturation, 
sex, and several cardiovascular risk factors (i.e. obesity, hypertension) influence arterial 
stiffness in children and adolescents.  Lastly, it will explore what is known about arterial 
stiffness and BRS in children and adolescents.  
Ph.D. Thesis – D. Chirico; Brock University – Health Biosciences 
	   30 
2.7.1 Arterial Structure and Function 
 
The arterial wall of an artery can be divided into three distinct layers; the intima, 
media, and adventitia.135 The intima comprises the endothelium, which lines the arterial 
lumen. This single layer of epithelial cells is metabolically active and plays an important 
role in smooth muscle cell function.136 Adjacent to the endothelium is the internal elastic 
lamina, which is an elastic structure, composed of elastin and collagen.135 The medial 
layer contains collagen and elastin fibers, as well as smooth muscle cells. The smooth 
muscle cells are responsible for changing arterial diameter and tone by vasoconstriction 
and relaxation.136 A surrounding layer of thicker elastin bands, called the external elastic 
lamina, wraps this layer and provides structural support and protection. The outermost 
layer of the artery is the adventitia, which is a layer of elastic and collagen that connects 
the surrounding tissues.136  
 The composition of the arterial wall changes throughout the arterial tree and 
results in variations in elastic properties along the arterial tree; with large central arteries 
being more elastic and small peripheral arteries being stiffer.137 Elastin is the dominant 
component in the large central arteries, and collagen is dominant in the small peripheral 
arteries.136 This is important because collagen has a greater stiffness than elastin.138 
Therefore, the changes in arterial composition create a stiffness gradient in which 
peripheral arteries are stiffer than the more central large arteries.137, 139 These structural 
and functional differences of the arterial segments are important to arterial function; 
which is to dampen and distribute intermittently ejected blood from the heart into 
constant steady flow.137  
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 The arterial system functions as a conduit to transport oxygenated blood 
throughout the body, as well as to dampen pulsatile flow from intermittent blood ejection 
from the heart to steady state flow in order to provide constant tissue perfusion.140 During 
systole, when blood is ejected from the heart, a small portion of the SV is propelled 
forward to the periphery, while a majority is stored in the elastic aorta.139, 141 The elastic 
properties of the arterial wall allow the artery to store the energy. During diastole, the 
stored energy potential is used to recoil the vessel and thus ensuring continuous flow to 
the periphery.139, 141 The ability of an artery to accommodate this change in volume is 
termed compliance, which is the inverse of stiffness.  
2.7.2 Local Arterial Stiffness 
 
The arterial wall is considered to be viscoelastic as it contains both viscous and 
elastic properties.142 When stress is applied to a perfectly elastic material it will 
subsequently cause deformation and regain its original form when the stress is removed. 
However, because the arterial wall has viscous properties, the wall retains some of the 
deformation caused by the stress. When assessing local arterial stiffness, focus is directed 
to the elastic properties of the artery due to its ease of measurement.  
2.7.3 Measuring Local Arterial Stiffness 
 
The elasticity of the arterial wall can be evaluated by examining the relationship 
between strain and stress.142 Stress is considered as the force producing deformation, 
while strain is the resultant deformation incurred as a percentage change in area. 
Compliance is considered to be the absolute change in volume (strain) as a result of a 
change in pressure (stress).142, 143 This assessment of elasticity is size dependent; meaning 
a larger artery will appear to be more compliant as it is capable of storing a greater 
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volume. Distensibility takes into consideration the initial size of the artery, and is the 
relative change in volume for a given change in pressure. Stiffness is considered to be the 
inverse of distensibility and compliance. As mentioned, distensibility is a size 
independent measure of elasticity and will be considered for this thesis. Distensibility can 
be calculated as the distensibility coefficient (DC) using the following equation142-144: 
DC (mmHg-1 x 10-3) = (ΔCSA) / (PP · CSAmin) (1) 
Cross-sectional area (CSA) was calculated as CSA =  πr2, where r = diameter/2 and  
ΔCSA= CSAmax – CSAmin. PP is the pressure increase from diastole to systole (PP = Ps – 
Pd). In this context, a greater relative change in CSA for a given change in PP is 
associated with greater distensibility, and a more elastic artery. A lower distensibility is 
indicative of a less elastic artery. 
Ultrasound is the most commonly used technique to non-invasively assess the 
arteries in both children and adults.4, 137 Two-dimensional B-mode images are recorded 
using a high-frequency linear array transducer.4 Carotid sonography is completed for the 
CCA 1-2cm proximal to the bifurcation, and at the proximal portion of the ICA for the 
CS, just distal to the bifurcation. An example of the change in lumen CSA from diastole 
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Illustration of the measurement of change in cross-sectional area from diastole to 
systole using ultrasound sonography. Recreated from Laurent et al., (2006)137 
 
In addition, simultaneous applanation tonometry is used to non-invasively 
determine CCA and CS PP. A hand-held tonometer (Millar Instruments, Houston Texas) 
is used to manually obtain continuous pressure waveforms from the CCA and CS. The 
pressure wave obtained is very similar to that recorded within the artery. 145, 146 Since the 
pressure required to applanate the artery and compress the overlying structures varies, the 
absolute values of systolic and diastolic pressure are not reliable, but the amplitude (PP) 
can be determined reliably.127 Accuracy of the Millar devices at the sites of the carotid 
and radial arteries has been established.145, 146 Sample ultrasound images and 
corresponding pressure waveforms for the CCA (Appendix A) and CS (Appendix B) are 
provided. 
2.7.4 Intima-media Thickness 
 
Intima-media thickness (IMT) is a surrogate measure of wall thickness that is 
quantified by measuring the distance from the lumen-intimal border to the medial-
ΔArea 
Systole Diastole 
   Diastolic area 
   Change in lumen area (ΔArea) 
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adventitial border, using high-resolution ultrasound. A sample ultrasound image and IMT 
measurement is provided in Appendix C. The IMT of the CCA is associated with 
cardiovascular disease in adults and increased risk of cardiovascular related events.147-152 
Evaluating carotid IMT (cIMT) in children and adolescents demonstrates that 
cardiovascular risk factors such as obesity and high BP increase cIMT.153, 154 There also 
appears to be a weak relationship between age and cIMT in children and adolescents, 
while sex differences emerge in adolescence.155-158 cIMT is correlated with body size, 
BMI, and BP,155-158 which are known to increase with maturation and growth. The 
evaluation of cIMT will be used in this study to examine the structural changes that may 
occur within the CCA with age, maturation, and sex.  
2.7.5 Arterial Stiffness in Children and Adolescents 
 
Noninvasive measurement of arterial distensibility is an important tool used to 
assess cardiovascular risk in children and adolescents.5, 159 The ability to detect alterations 
in distensibility and vascular structure has been demonstrated in a variety of pathological 
conditions in children and adolescents; which include obesity,5, 6, 23, 160 dyslipidemia,5, 161 
diabetes,162, 163 hypercholesterolemia,7 and high BP.8, 164, 165 These findings identify that 
negative modifications to arterial structure and function are present early in life. 
Furthermore, increased arterial stiffness is associated with increased left ventricular mass 
in children and adolescents,166 which can translate into accelerated cardiovascular risk in 
adulthood. In adults, an increase in cIMT, a decrease in CCA distensibility, and an 
increase in central (aortic) PWV are associated with an increased risk of cardiovascular 
morbidity and mortality.159 In children, increased arterial stiffness and increased cIMT 
are present in those with obesity23, 167 and hypertension.8  
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There are several important studies in children and adolescents addressing the role 
of age, sex, and maturation on CCA distensibility and structure. It has been shown that 
CCA distensibility decreases with aging. This was first highlighted by Jourdan et al., 
(2005)156 and extended to a larger population by Doyon et al., (2013).155 Doyon et al., 
(2013)155 studied 1155 children and adolescents aged 6-18 years old. They examined 
cIMT and distensibility and found cIMT to increase and distensibility to decrease with 
age, while sex differences were apparent by the age of 15. Distensibility was 
independently associated with SBP such that increasing SBP decreased distensibility. It is 
worth noting that the relationship between age and distensibility (r=-0.24, p<0.001), as 
well as age and cIMT (r=0.15, p<0.001) were weak in this large sample population. 
Nevertheless, an age associated decrease in CCA distensibility has also been reported in a 
population of 7-22 year olds.57 Interestingly, a study by Sass and colleagues (1998)157 
found that cIMT and diameter did not increase from age 10 to 18 years, while sex 
differences in carotid diameter appeared at the age of 14, aligning with the findings of 
Doyon et al., (2013).155 Nonetheless, not all studies have report a sex difference in carotid 
distensibility.57, 168 It should be noted that PP used to determine distensibility in the 
aforementioned studies was taken from brachial manual or automated measurements, and 
as well as using applanation tonometry at the CCA.155, 156, 169 Although findings are 
inconsistent, they suggest that age and sex may influence CCA distensibility in children 
and adolescents and should be considered. Interestingly, studies demonstrating an age and 
sex effect on arterial parameters often note that this occurs at the age of 15 years, which 
may further support a possible maturational influence.  
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There are limited studies assessing the relationship between maturation and 
arterial properties in children and adolescents. A recent large-scale study by Marlatt et al., 
(2013)169 examined the influence of pubertal development on arterial elasticity in children 
and adolescents. This was the first study to assess arterial properties by organizing 
participants into pubertal stages based on Tanner criteria. They were grouped into pre-
pubertal (Tanner 1), pubertal (Tanner II-IV), and post-pubertal (Tanner V). There was no 
significant difference in any measure of CCA elasticity across pubertal stages. The 
authors concluded that accounting for pubertal maturation when reporting vascular data 
in children and adolescents in unnecessary; however, those findings are in contrast to 
other reports. A study by Ahimastos et al., (2003)170 compared central aortic PWV in pre-
pubescent boys and girls to post-pubescent boys and girls. Pre-pubescent girls had greater 
central aortic stiffness than boys, while post-pubescent boys demonstrated an increase in 
central PWV and girls demonstrated a decrease. This suggests a possible role of 
maturation on arterial stiffness. In support of this finding, Ayer et al., (2010)171 
demonstrated that pre-pubertal females demonstrated a greater stiffness index than males, 
as measured by carotid augmentation index.  
The discrepancies in findings between studies may be a result of different 
measurement techniques encompassing different segments of the arterial tree. CCA 
distensibility is a measure of local arterial stiffness, while PWV170 is a measure of 
regional stiffness.137 Regional measures of stiffness incorporate multiple arterial 
segments containing varying degrees of stiffness; hence, relating regional and local 
measurements of stiffness may not be accurate.137, 142 Aging has been associated with a 
reversal of the stiffness gradient, as central arteries become stiffer with aging and 
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cardiovascular risk factors, while peripheral arteries (e.g. brachial) are unchanged.137, 172, 
173 Another explanation may be that the aorta is more susceptible to maturation or age-
related changes than the carotid artery. This is highlighted by findings in adults, which 
have shown that the aorta stiffens to a greater degree than the CCA with aging and 
cardiovascular risk factors.173-175 In children, one study demonstrated strong positive 
correlations between age, height, body mass, and body surface area with aortic CSA 
(spearman correlation >0.8) using MRI.176 Furthermore, there was a negative correlation 
between age and aortic distensibility and descending aorta PWV in males and females. 
Therefore, the disparities between the findings of Marlatt169 and Ahimastos170 may be due 
to differences in measuring local versus regional stiffness. Further work is necessary to 
definitively understand the relationship between maturation and arterial elasticity.  
2.7.6 Arterial Stiffness and BRS in Children and Adolescents 
 
Limited studies have assessed the effect of arterial stiffness on BRS in children 
and adolescents. Lenard et al., (2004)57 found that CCA distensibility decreased with age, 
while BRS increased. Likewise, Pinter et al., (2007)177 found that children and 
adolescents with surgically repaired transposition of the great vessels had decreased CCA 
distensibility compared to controls, but no difference in BRS. Both studies suggest neural 
adaptations maintain BRS in the presence of arterial stiffness. However, limited 
information exists examining the impact of maturation on BRS and arterial stiffness, and 
the relationship between arterial stiffness, maturation, and BRS in children.  
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The conceptual framework of the present thesis design, including specific 
objectives and corresponding studies, is outlined in Figure 3-1. Autonomic control of BP, 
assessed via BRS, is an important marker of cardiovascular health. Decreased BRS is 
associated with increased cardiovascular morbidity and mortality in adults. It is known 
that cardiovascular health in childhood is predictive of cardiovascular health in 
adulthood, and BRS is an important tool to detect early autonomic dysfunction. Although 
current research demonstrates BRS is diminished in children and adolescents with 
cardiovascular risk factors such as obesity and hypertension, there is limited 
understanding of the development of BRS in children and adolescents. Understanding the 
development of BRS is necessary in order to understand the significance of abnormally 
low values that we see in children and adolescents with cardiovascular disease risk 
factors. Additionally, determining the contribution of the mechanical (arterial) component 
of the baroreflex to BRS is essential to understanding its development, as the detection of 
pressure change and the measurement of baroreflex gain depend on the elastic properties 
of the vessels containing baroreceptors. Thus, examining the relationship between arterial 




1) To determine the impact of pubertal maturation and sex on BRS development in 
children and adolescents. 
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2) To examine the relationship between arterial properties and BRS in response to 
orthostatic stress by comparing the CCA and CS.  
Purposes and Hypotheses 
Objective 1 
Study 1 – Chapter 4  
 
Purpose: The purpose of this study was to investigate the influence of pubertal 
maturation on BRS by examining BRS across all stages of pubertal maturation in males 
and females. It was hypothesized that BRS increases with increasing maturation group 
such that increasing stages of maturation is associated with an increase in BRS. It was 
also hypothesized that this pattern is similar between males and females.  
Study 2 – Chapter 5 
 
Purpose: The purpose of this study was to determine whether changes in BRS with 
pubertal maturation were a result of changes in CCA distensibility. The first objective 
was to determine the effect of pubertal maturation and sex on CCA distensibility, and the 
second was to examine the relationship between CCA distensibility and BRS. It was 
hypothesized that CCA distensibility follows a sex-dependent maturation effect similar to 
the pattern of BRS. Specifically, it was hypothesized that CCA distensibility decreases 
with pubertal maturation in males from pre- to post-puberty, but remains unchanged, or 
increases, in females.   
Objective 2 
Study 3 – Chapter 6  
 
Purpose: The purpose of this study was two-fold, 1) to evaluate the difference in 
peripheral (finger) and central (CCA and CS) PP in supine, and 2) to evaluate the 
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differences in response to a postural stimulus at each measurement site. It was 
hypothesized that peripheral measures of PP do not accurately reflect central measures of 
PP. Specifically, it was hypothesized that PP measured at the finger is greater than PP at 
the CCA and CS, and CS PP is greater than CCA PP due to pressure wave amplification. 
Furthermore, it was hypothesized that peripheral PP will decrease in response to the 
postural stimulus while central PP remains unchanged.  
Study 4 – Chapter 7 
 
Purpose: The purpose of this study was to determine whether distensibility of the CCA 
and the CS differ at rest and in response to a postural stimulus, and to determine which is 
a stronger predictor of BRS response to a postural stimulus. It was hypothesized that 
distensibility will decrease in response to the postural stimulus in both the CCA and CS; 
however, CS distensibility will be a better predictor of BRS than CCA distensibility.  
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Figure 3-1 
Conceptual framework of thesis study design.  
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Abstract 
 
Background: Puberty is associated with important hormonal and metabolic changes 
associated with growth and maturation. The impact of puberty on blood pressure (BP) 
regulation remains relatively unexplored. Therefore, the purpose of this study was to 
examine baroreflex sensitivity (BRS) across different stages of pubertal maturation in 
healthy children and adolescents.  
Methods and Results: The study was cross-sectional and included 104 participants (53 
males and 51 females) aged 8-18 years old. Participants were organized into five pubertal 
groups based on the criteria of Tanner; pre-pubertal (Tanner 1, n=19), early-pubertal 
(Tanner 2, n=16), peri-pubertal (Tanner 3, n=24), late-pubertal (Tanner 4, n=23), and 
post-pubertal (Tanner 5 & 6, n=22). Adiposity (fat-free mass, fat mass, and body fat%), 
body mass index (BMI) and demographic variables were collected. Beat-by-beat BP and 
R-R interval (RRI) were collected during supine rest in order to determine BRS. BRS was 
assessed by transfer function analysis in the low frequency range (0.05 – 0.15Hz). The 
results of the study demonstrated a sex-by-maturation interaction (F(4, 94)= 3.202, p= 
0.019). BRS decreased from early- to post-puberty in males (30 ± 7.1 vs 13.2 ± 7.8 
ms/mmHg), and remained unchanged in females. This led to significantly greater BRS in 
females compared to males post-puberty (27 ± 7.3 vs 13.2 ± 7.8 ms/mmHg).  
Conclusion: Findings from the current study highlight the importance of sex and pubertal 
maturation on BRS. As well, controlling for both sex and maturation when examining 
BRS in children and adolescents with cardiovascular disease risk factors will aid in 











Ph.D. Thesis – D. Chirico; Brock University – Health Biosciences 
	   56 
Introduction  
 
Arterial baroreceptors are stretch-sensitive mechanoreceptors located in the 
medial-adventitial layers of the carotid sinus and aortic arch. They play an important role 
in the short-term regulation of blood pressure (BP). Cardiovagal baroreflex refers to the 
reflex adjustments in R-R interval (RRI) in response to spontaneous alterations in systolic 
blood pressure (SBP), such that an increase in SBP will result in an increase in RRI to 
restore BP.1 Due to the rapid nature of the response in RRI (within one cardiac cycle) it is 
said to be vagally mediated. Cardiovagal baroreflex sensitivity (BRS) can be used as an 
assessment of autonomic function and refers to the magnitude of change in RRI for a 
given change in SBP.1 In this regard a greater BRS is associated with enhanced 
autonomic function. Moreover, cardiovagal autonomic function is an important marker of 
cardiovascular health as a reduction in BRS is associated with cardiovascular morbidity 
and mortality.2-4 Reduced BRS increases risk of sudden cardiac death, and is associated 
with increased risk of arrhythmias after myocardial infarction, in adults.2, 3, 5 
Studies have been extended to children and adolescents with cardiovascular 
disease risk factors and have demonstrated reduced BRS in those with elevated BP6, 7 and 
obesity.8, 9 Although previous studies have found reduced BRS in children and 
adolescents with cardiovascular risk factors, little is known about the maturation of 
cardiovagal BRS. Currently, the literature remains equivocal regarding BRS in aging 
children and adolescents, and whether or not sex differences are present. There is 
evidence demonstrating that BRS increases10 or decreases11, 12 with age in children and 
adolescents ranging from 7-22 years of age. Moreover, sex differences in children and 
adolescents have been reported,12 while others have not demonstrated a difference.10, 11 
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An important point to consider when assessing sex differences in BRS in children and 
adolescents is the influence of maturation and sex hormones. Evidence suggests that 
estrogen and testosterone increase BRS in both human (adults)13-17 and animal18-20 
studies. Given that pubertal maturation is associated with increasing sex hormone 
concentrations and the timing and tempo of maturation varies between males and 
females,21-23 considering pubertal maturation when assessing BRS in children and 
adolescents is essential. To date, only one study has assessed pubertal maturity on BRS 
and the results indicated no maturation effect.12 However, this study did not include a full 
scope evaluation of pubertal maturity; in fact 80% of the adolescent group (Tanner 2-5) 
were in early puberty based on the criteria of Tanner. Therefore, the purpose of this study 
was to examine BRS across different stages of maturation in males and females. It was 





A total of 116 participants were scheduled to participate, whereas 110 completed 
the study protocol. Of those, 104 (53 males and 51 females) were included in the final 
sample. Four males and two females were excluded for different reasons. Specifically, 
two participants (1 male and 1 female) failed to complete the maturation questionnaire 
correctly, two females were excluded for arrhythmias, and one boy and one girl were 
excluded for anti-depressant medication. All participants included in the study were 
healthy children and adolescents aged 8-18 years old with no prior history of chronic 
illness. The Brock University Research Ethics Board approved this study. 
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Experimental Protocol  
 
Participants were scheduled for one, two-hour appointment at the Human 
Hemodynamic Laboratory at Brock University. They were asked to fast four-hours prior 
to their appointment and to avoid vigorous physical activity, smoking, and caffeine 12-
hours prior to their appointment. Upon arrival to the laboratory, the parent/guardian(s) of 
the participants provided informed written consent if the participant was underage, and 
the participant provided assent. Information was collected on medical conditions and/or 
medications. Following this, height and body mass were collected, and adiposity was 
determined using the BOD POD. Participants then began cardiovascular testing. First, 
they were asked to lie supine for a period of 15 minutes to ensure BP and heart rate were 
at baseline levels. Four initial manual BPs were measured and the last three were 
averaged. Beat-by-beat data collection began and continued for at least five minutes 
while the subject continued to rest in a dim, quiet, and temperature controlled setting.  
Experimental measures  
Anthropometry 
 
All measurements of body composition were performed in a private room with the 
option of having the parent/guardian(s) present. Body mass index (BMI) was calculated 
using height and body mass (kg/m2). Standing height (cm) was measured using a 
stadiometer (Stat 7X, Ellard Instrumentation 50 Ltd Monroe, WA, USA) with the 
participants’ shoes removed and recorded to the nearest 0.1 cm. Body mass (kg) was 
measured using a digital scale (BWB-800S, Tanita Digital Scale, Tokyo, Japan) and 
recorded to the nearest 0.1 kg.  
Ph.D. Thesis – D. Chirico; Brock University – Health Biosciences 
	   59 
Fat mass (FM), fat-free mass (FFM), and body fat percentage (BF%) were 
determined using whole body air-displacement plethysmography with the BOD POD 
(Life Measurement, Inc, Concord, CA). The BOD POD is a reliable and valid technique 
that evaluates body composition in children, adults, and obese individuals.24 The surface 
area of hair and clothing has an impact on the measure of air volume24; therefore, 
participants were instructed to wear tight fitting swim suits or spandex and were provided 
with a Lycra swim cap. The BOD POD was calibrated using a cylinder of known 
volume.25 Subjects were then seated in the chamber and body volume measurements were 
taken twice; each lasting 40 seconds. Subjects were advised to breathe normally and 
remain relaxed. If both measures were within 150 ml of each other, the mean of the two 
measures were taken. If the difference between the two measures was greater than 150 
ml, a third measure was taken and the mean between the two closest values were used. 
Sexual Maturation  
 
Pubic hair development was self-reported using the Sexual Maturation Scale by 
Tanner criteria, taken from Taylor et al (2001), in order to class subjects into their 
maturation groups.26-28 Pubertal maturation was categorized based on self-assessed pubic 
hair as it has been shown to have better agreement with physical examination by a 
physician compared to breast/genitalia development.28 Participants were organized into 
their maturation groups based on the following: pre-pubertal (Pre, Tanner stage 1), early-
pubertal (Early, Tanner stage 2,), peri-pubertal (Peri, Tanner 3), late-pubertal (Late, 
Tanner 4), and post-pubertal (Post, Tanner 5 & 6). 
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Blood Pressure  
 
Auscultation is the recommended method of BP measurement in children and 
adolescents.29 Participants lied supine with their arm resting at heart level for 15 minutes. 
Blood pressure was measured four times using a non-invasive, standard inflatable cuff 
and a sphygmomanometer placed on the right arm. The last three were recorded and 
averaged to determine SBP, diastolic blood pressure (DBP), and mean arterial pressure 
(MAP). A stethoscope was placed over the brachial artery pulse, below the bottom edge 
of the cuff (2 cm above the cubital fossa). Correct measurement of BP requires an 
appropriate sized cuff; each child was fitted with either a pediatric or adult cuff based on 
arm size.29 MAP was calculated using the formula MAP = 1/3·SBP + 2/3·DBP. 
Beat-by-beat RRI and BP 
 
Following 15 minutes of supine rest, five minutes of beat-by-beat RRI and BP 
data were collected simultaneously. Beat-by-beat BP (SBP and DBP) was collected using 
photoplethysmography (Nexfin, BMEYE, Amsterdam, The Netherlands) from the middle 
finger of the left hand. Since BP taken at the finger slightly differs from that taken at the 
arm, the average manual BPs taken at the beginning of the beat-by-beat recording were 
used to adjust the beat-by-beat values collected simultaneously with 
photoplethysmography. RRI was collected using a standard single-lead 
electrocardiogram. Both BP and RRI were sampled at a rate of 1000 Hz, providing a 
basic resolution of 1 millisecond (ms). These beat-by-beat data were then used for BRS 
analysis. 
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Beat-by-beat data were sampled at 1000 Hz using an online data analysis and 
acquisition system (Powerlab and Chart 7 PRO, ADInstruments). Data were saved for 
offline analysis and scanned to ensure that it was free of ectopic beats. Matlab 
(Mathworks, R2012b) was used to resample the data using the mean cardiac frequency to 
obtain an equal interval between samples. A low-pass Butterworth filter set to 0.95 Hz 
was used and the data was detrended. For transfer function analyses, Fast Fourier 
Transform (FFT) was used with the Welch method and Hanning window, with the 
window size set to one-fourth of the signal length with one-half overlap. LF area was set 
to 0.05-0.15 Hz and mean transfer function gain was used to determine BRS for the LF 
region using a coherence ≥0.5. 
Statistical Analysis 
 
All statistical analyses were completed using SPSS software (IBM SPSS Statistics 
20). Data are expressed as mean ± standard deviation (SD) for continuous variables and 
as frequencies for categorical variables. The level of significance was set to p<0.05 (two-
tails).  
Descriptive statistics of demographic (age and sex), anthropometric (height, body 
mass, BMI, FFM, FM, and BF%), and cardiovascular variables (RRI, SBP, DBP, MAP, 
and BRS) across maturation groups were assessed by a one-way ANOVA and Tukey 
post-hoc analysis. Independent samples t-tests were used to evaluate descriptive 
differences between females who reported menarche versus those who did not. Chi-
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square tests were used to determine differences in proportions of males and females, 
maturation group size differences, and their interaction.  
Covariates correlated with BRS were identified using Pearson’s correlation and 
significant variables were controlled for in multivariate analyses. Possible covariates 
included age, height, body mass, BMI, FFM, FM, BF%, BP (SBP, DBP and MAP), and 
RRI. Two-way ANOVAs were completed for all significant correlates of BRS to 
determine possible maturation and sex effects, as well as an interaction. A two-way 
ANCOVA was used to determine the effect of maturation group and sex on BRS, while 
controlling for previously determined correlates. Each covariate was entered into the 
model separately in order to conserve power. 
All dependent variables were checked for normality using the Shapiro-wilk test, 
as well as skewness and kurtosis. BRS was not normally distributed for the overall 
sample. However, there was no significant skewness or kurtosis evident. BRS was 
normally distributed in all maturation groups except for the Pre group. BRS was normally 
distributed in both males and females. Levene’s test demonstrated homogeneity of 
variance between maturation groups, as well as between sexes. There were no identifiable 
outliers in either maturation groups or sexes. Based on the large sample size and visual 
inspection, the data were deemed acceptable for further parametric analysis.  
Results 
Descriptive characteristics across maturation 
 
Demographic, anthropometric, and cardiovascular descriptive statistics across 
pubertal stages are presented in Table 4-1. There was no difference in the distribution of 
males and females in the total sample (χ2 =0.038, df=1, ns), or across maturation groups 
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(χ2 =1.702, df=4, ns). Furthermore, the number of observations in each maturation group 
did not differ (χ2=2.058, df=4, ns). Age increased across all stages of pubertal maturation. 
Height was significantly greater in the Early group compared to Pre, and increased to the 
Late group. Body mass was significantly greater in the Peri group compared to Pre and 
Early, and increased to the Late group. There was no difference in height or body mass 
between the Late and Post groups. BMI was higher in the Peri group compared to Pre, 
and Late compared to Pre and Early. There was no further increase in BMI from Late to 
Post. A total of 15 individuals did not have adiposity assessment due to equipment 
malfunction and therefore, the analyses for these measures have a sample of 89. FFM 
significantly increased in the Peri, Late and Post groups. FM was greater in the Late 
group compared to Pre and Early, and BF% did not change with maturation. SBP was 
greater in the Late group compared to the Pre and Early groups, and in the Post group 
compared to Pre, Early, and Peri. DBP did not change with maturation and MAP was 
significantly greater in the Post group compared to Early. Heart rate was lower in the Post 
group compared to Pre and Early, as evidenced by lengthening RRI.  
In total, 29 of the 51 females (57%) had reached menarche. None of the females 
in the Pre or Early groups reported menarche, 57% (8/14) reported menarche in the Peri 
group, 100% in the Late, and 100% in the Post groups. Compared to those who had not 
reached menarche, menarcheal females were older (15.6 ± 1.8 vs. 11.3 ± 0.85 years, 
p<0.001), taller (164.1 ± 6.7 vs 147.6 ± 7.5 cm, p<0.001), had a higher body mass (59.4 ± 
10.5 vs. 40.8 ±8.8 kg, p<0.001), had greater BMI (22.0 ± 3.5 vs. 18.7 ± 3.5 kg/m2, 
p=0.004), and higher SBP (115 ± 7 vs 105 ± 9 mmHg, p=0.001). There was no difference 
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in BRS in females who reported menarche vs. those who did not (22.6 ± 8.8 vs. 22.6 ± 
10.7 ms/mmHg, ns) and therefore further analysis was not adjusted for menarche.  
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Table 4-1. Demographic, anthropometric, cardiovascular variables across maturation 
groups 
 Pre Early Peri Late Post 
Age (years) 10.0 ± 1.2 11.5 ± 1.2* 12.9 ± 1.6*δ 14.3 ± 1.8*δτ 16.3 ± 1.7*δτŧ 
Sex (Male,Female) 10,9 9,7 10,14 11,12 13,9 
Menarche (%) 0 0 57 100 100 
Anthropometric      
Height (cm) 140.7 ± 6.4 150.1 ± 9.5* 157.9 ± 10.3*δ  165.6 ± 10.9*δτ 170.5 ± 6.7*δτ  
Body Mass (kg) 35.0 ± 5.4 40.0 ± 8.3 51.4 ± 13.0*δ 60.3 ± 12.4*δτ 62.8 ± 9.4*δτ 
BMI (kg/m2) 17.6 ± 2.6 17.6 ± 2.5 20.4 ± 3.3* 21.9 ± 3.9*δ 21.6 ± 2.8*δ 
Adiposity n=15 n=12 n=19 n=22 n=21 
  FFM (kg)  27.7 ± 3.0 33.8 ± 4.8 39.6 ± 9.3* 45.7 ± 9.0*δ  51.8 ± 10.0*δτ 
  FM (kg)  8.0 ± 4.1 7.8 ± 4.5 12.9 ± 8.2 14.3 ± 7.9*δ 10.2 ± 4.5 
  BF%  21.6 ± 8.2 18.0 ± 7.6 23.6 ± 9.7  24.2 ± 11.2  16.6 ± 7.3 
Cardiovascular      
SBP (mmHg) 103 ± 8 104 ± 8 110 ± 8 114 ± 9*δ 117 ± 9*δτ 
DBP (mmHg) 64 ± 5 61 ± 7 64 ± 8 62 ± 8 65 ± 6 
MAP (mmHg) 77 ± 6 75 ± 6 79 ± 6 80 ± 6 82 ± 5δ 
RRI (ms) 833 ± 100 875 ± 110 905 ± 144 930 ± 144 1001 ± 141*δ 
Mean ± standard deviation. One-way ANOVA with post-hoc Tukey test. Note: *p<0.05 compared to Pre-
pubertal, δp<0.05 compared to Early pubertal, τp<0.05 compared to Peri-pubertal, ŧp<0.05 compared to Late 
pubertal. BMI = body mass index; FFM = fat-free mass; FM = fat mass; BF% = body fat percent; SBP = 
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Factors associated with BRS 
 
Pearson’s correlations for the entire sample (Table 4-2) revealed that BRS was 
significantly correlated with body mass (r=-0.232, p=0.018), height (r=-0.234, p=0.017), 
SBP (r=-0.336, p<0.001), and MAP (r=-0.234, p=0.017). Pearson’s correlations were also 
completed in males and females separately (Table 4-2) and revealed that BRS was 
significantly correlated with age (r=-0.387, p=0.004), height (r=-0.406, p=0.003), body 
mass (r=-0.411, p=0.002), BMI (r=-0.298, p=0.03), SBP (r=-0.373, p=0.006), and MAP 
(r=-0.301, p=0.029) in males. In females, BRS was correlated with RRI (r=0.334, 
p=0.017), and a trend was found for SBP (r=-0.275, p=0.051). Pearson’s correlations for 
measures of adiposity and BRS are presented in Table 4-3. There were no significant 
correlations between FFM, FM, or BF% with BRS in the total sample (n=89) or when 
split by males (n=45) and females (n=44).  
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Table 4-2. Pearson’s correlation of baroreflex sensitivity with demographic, 
anthropometric and cardiovascular variables  
 Total Sample n=104 Males (n=53) Females n=(51) 
 r p r p r p 
Age (years) -0.188 0.056 -0.387 0.004 0.005 0.975 
Height (cm) -0.234 0.017 -0.406 0.003 0.027 0.850 
Body Mass (kg) -0.232 0.018 -0.411 0.002 -0.045 0.756 
BMI (kg/m2) -0.170 0.084 -0.298 0.030 -0.093 0.516 
SBP (mmHg) -0.336 <0.001 -0.373 0.006 -0.275 0.051 
DBP (mmHg) -0.073 0.462 -0.113 0.420 -0.024 0.869 
MAP (mmHg) -0.234 0.017 -0.301 0.029 -0.147 0.303 
RRI (ms) 0.094 0.340 -0.060 0.672 0.334 0.017 
BMI = body mass index; SBP = systolic blood pressure; DBP = diastolic blood pressure; 






Table 4-3. Pearson’s correlation of baroreflex sensitivity with adiposity  
 Total Sample n=89 Males (n=45) Females n=(44) 
 r p r p r p 
FFM (kg) -0.200 0.061 -0.249 0.099 -0.060 0.669 
FM (kg) -0.171 0.108 -0.256 0.089 -0.248 0.104 
BF% -0.073 0.499 -0.139 0.361 -0.209 0.174 
FFM = fat-free mass; FM = fat mass; BF% = body fat percent.  
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Effect of sex and maturation on correlates of BRS 
 
Two-way ANOVAs were used to examine the influence of sex and maturation on 
age, height, body mass, BMI, SBP, MAP, and RRI as they were significantly correlated 
to BRS. Refer to Table 4-1 for between group comparisons for significant maturation 
effects. Age demonstrated a maturation (F(4, 94)=52.133, p<0.001) and sex effect (F(1, 
94)=8.959, p=0.004), but no interaction (F(4, 94)=0.115, ns). Females were older compared 
to males (13.6 ± 2.4 years vs. 12.8 ± 2.8 years). Height demonstrated a main effect for 
maturation (F(4, 94) =33.871, p<0.001), but not for sex (F(1, 94)=0.008, ns) or their 
interaction (F(4, 94)=2,001, ns). Body mass had a main effect for maturation (F(4, 94) 
=25.754, p<0.001), but not for sex (F(1, 94)=0.317, ns) or their interaction (F(4, 94)=0.344, 
ns). BMI demonstrated a maturation effect (F(4, 94)=8.737, p<0.001), but no sex effect (F(1, 
94)=1.108, ns) or interaction (F(4, 94)=0.850, ns). For SBP, a main effect for maturation (F(4, 
94)=10.27, p<0.001) was found, but not for sex (F(1,94)=2.96, ns) or their interaction (F(4, 94) 
=0.438, ns). MAP demonstrated a maturation effect (F(4,94)=10.4, p= 0.002), but no sex 
(F(1,94)=1.874, ns) or interaction effects (F(4,94)=0.151, ns). RRI showed a main effect for 
maturation (F(4, 94)=5.065, p= 0.001) and sex (F(1,94)=10.4, p=0.002), but not their 
interaction (F(4, 94)=0.686, ns). Females had lower RRI compared to males (872 ± 134 ms 
vs. 953 ± 136 ms).  
Effect of sex and maturation on BRS 
 
A two-way ANOVA was used to evaluate the effect of sex and maturation on 
BRS. There was no main effect for maturation (F(4, 94)=2.0, ns), or sex (F(1, 94)=0.704, ns) 
on BRS, but the sex-by-maturation interaction was significant (F(4, 94)=3.202, p= 0.019). 
Figure 4-1 illustrates the effect of sex and maturation on BRS. BRS decreased from Early 
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to Post in males (p=0.002), with no change in females, and was reduced in Post males 
compared to Post females (p= 0.027). The sex-maturation interaction remained after 
controlling for age (F(1, 93)=0.514, ns), height (F(1, 93)=0.466, ns), body mass (F(1, 93)= 
0.969, ns), BMI (F(1,93)=0.858, ns), SBP (F(1, 93)=4.812, p=0.031), MAP (F(1, 93)=2.603, 
ns), and RRI (F(1,93)=3.510, p=0.064) individually.  
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Figure 4- 1 
Baroreflex sensitivity (BRS) across maturation groups in males and females. 

























**	   	  	  	  	  *	  Sex*Maturation p=0.019 
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Discussion 
 
The novel finding from the present study was a sex-by-maturation interaction in 
which BRS decreased with maturation from early-to-post puberty in males but remained 
unchanged in females. Additionally, a sex difference in BRS manifested post-puberty 
with females having greater BRS. Consistent with previous studies on aging and 
maturation, height, body mass, BMI, FFM, SBP and RRI increased with maturation.30-34 
Existing data are equivocal regarding the development of BRS in children and 
adolescents. Studies have evaluated heart rate variability in childhood showing an 
increase with age, suggesting autonomic development occurs.35-37 This is further 
supported by findings from Lenard and colleagues10 demonstrating improvements in BRS 
with increasing age group from 7-18 years, with no further increase to the 18-22 year old 
group. This improvement in BRS was attributed to improved neural function as arterial 
distensibility decreased with age. In contrast, Zavodna et al., (2006)11 found that BRS 
was not influenced by age in 11-22 year olds. In another study, BRS response to active 
standing varied with maturation, in which pre-pubertal children demonstrated an 
attenuated decrease in BRS.12 However, this study also reported that supine BRS was not 
affected by maturation. As well, individuals aged 10-13 years old were grouped as either 
preadolescent (Tanner 1) or adolescent (Tanner 2-5).12 Disparate findings in previous 
studies may be a result of evaluating maturation based on age groups,10 or clustering of 
children and adolescents at various pubertal stages into one group.12 This may be 
problematic as pubertal maturation is associated with physiological changes, in particular, 
increases in sex hormones. The present study addressed this problem by examining BRS 
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across five stages of pubertal maturation and found a significant sex-by-maturation effect 
on BRS.  
An interesting finding of this study was that sex differences manifested post-
puberty as a result of a significantly diminished BRS in males from the Early to Post 
puberty. Comparing our BRS values to previous studies is difficult as this is the first to 
use pubertal grouping by the five stages outlined by Tanner. Our BRS values ranged from 
3.5-48.5 ms/mmHg, which is comparable to a previous study that found BRS to range 
from 1-40 ms/mmHg in individuals aged 11-20 years old.11 The value for Post males in 
the present study was similar to reference values of Tank et al., (2000).38 Their BRS 
value for those with a mean age of 15 was 14 ms/mmHg, whereas our value was 13.2 
ms/mmHg for an average age of 16 years in Post males. Important to keep in mind is that 
the values from Tank et al., (2000)38 are not sex specific. As well, correlates of BRS in 
the present study were similar to those previously identified in children and adolescents.6, 
7, 39 When split by sex, it was apparent that age, height, body mass, BMI, SBP, and MAP 
were negatively correlated with BRS in males, while RRI was positively correlated with 
BRS in females. However, these variables did not explain the sex-by-maturation 
interaction observed in the present study.  
The finding of an important maturational sex-based difference in BRS suggests 
that sex hormones may have an important role in BRS development. Sex hormones were 
not collected in this study and therefore direct conclusions cannot be made. In adults, few 
studies have examined the relationship between testosterone and BRS and have 
demonstrated a positive correlation.17 Similarly, the beneficial effect of testosterone on 
BRS has been demonstrated in animal models.19 These previous studies are limited to 
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aging adults, adults with heart failure, and animal models, which may not reflect the 
relationship between testosterone and BRS in adolescents. Furthermore, we found BRS to 
be greater in females compared to males in the Post group. A beneficial effect of estrogen 
on BRS has been demonstrated previously in animal studies,20, 40-42 and throughout the 
menstrual cycle in women,15 suggesting a hormonal influence on BRS. Studying sex 
differences in BRS is complex and has provided equivocal findings. In various studies in 
adults it has been shown that BRS is greater in males compared to females.16, 43-46 
However, some studies have demonstrated no sex differences in BRS.14, 47, 48 
Furthermore, sex differences seen in young and middle-aged adults are eliminated when 
comparing older adults.16, 43, 49 Likewise, studies in children and adolescents remain 
equivocal on sex differences in BRS, and may be a result of not considering 
maturation.10-12 In the absence of data regarding sex hormones and BRS in children and 
adolescents, further research is required to elucidate the mechanisms responsible for the 
maturational sex-based difference in BRS identified in the present study.  
Another explanation for the changes in BRS with maturation in the present study 
may be attributed to changes in arterial stiffness. An important component of baroreflex 
function is the arterial mechanical component, which is distension in response to pressure 
change, ultimately activating or inactivating baroreceptors to elicit afferent signaling. 
Several studies have demonstrated the important relationship between arterial 
distensibility and BRS in adults.50-55 However, there remain discrepancies surrounding 
the importance of the arterial mechanical component to changes in BRS.56-58 Lenard and 
colleagues (2004) extended this to children and adolescents and found that changes in 
arterial distensibility and BRS that occur with age were unrelated.10 Nevertheless, a study 
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by Ahimastos et al., (2003)59 demonstrated a sex-by-maturation interaction in central 
pulse-wave velocity in which females had stiffer arteries pre-puberty, while in post-
puberty stiffness decreased in females and increased in males. Therefore, an increase in 
arterial stiffness with maturation in males may be responsible for the decrease in BRS 
seen in the present study. In contrast, a recent study has demonstrated carotid artery 
elasticity is unaffected by maturation.34 Based on previous conflicting findings future 
research is necessary to examine the relationship between arterial elasticity, BRS, and 
pubertal maturation.  
Limitations: The current study used self-reported Tanner stage to delineate 
maturation stage. Although this method has shown good agreement with physician 
reported maturation stage using Tanner criteria,28 there may be bias in the self-reported 
stages, and difficulty in deciphering between stages. Furthermore, the timing and tempo 
of maturation was not evaluated because Tanner stage was reported on one visit. 
Therefore, a given group can encompass individuals at the early end, or late end of a 
given stage. Moreover, hormone concentrations were not collected in this study. 
However, given the dynamic nature of pubertal development, no criteria are established 
linking a certain hormone concentration to a given pubertal stage. Therefore, although 
hormone concentration could have provided further indirect evidence of pubertal 
maturation, it would not have provided a clear distinction between stages of maturation.  
 Menstrual cycle phase was not controlled for in the present study. The influence of 
menstrual cycle phase on BRS has demonstrated inconsistent findings in adults,15, 58 and 
has not been evaluated in adolescents. A study by Hayashi et al., (2006)58 failed to 
demonstrate variations in BRS throughout the menstrual cycle in young women (20 years 
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old), while Tanaka et al., (2003)15 demonstrated a menstrual cycle effect in older women 
(24 years old). Hayashi suggested the lower concentration of estrogen in younger women 
might explain the inability to replicate the findings of Tanaka. This rationalization would 
certainly be applicable to a younger, adolescent population as well. Given the greater 
menstrual cycle irregularity in adolescent girls and longer intermenstrual cycle length, 
hormone concentrations are likely to be lower and demonstrate more gradual variations 
compared to adults. Also, menstrual cycle irregularity increases the complexity of 
participant scheduling with no previous experimental evidence supporting its importance 
in adolescents. Therefore, not controlling for menstrual cycle phase in the present study is 
deemed to be acceptable and not believed to have impacted the results.  
The use of spontaneous methods to examine BRS has been criticized as it 
incorporates both feed forward and feedback mechanisms; however, these methods are 
positively correlated with pharmacological techniques and provide directionally similar 
results.60, 61 Furthermore, this method has been shown to be useful in studying children 
and adolescents with good reproducibility and is optimal given the invasive nature of 
other tests that are not ethically measurable in children and adolescents.11, 62 Lastly, 
physical activity, which has been shown to improve BRS,12, 51, 56, 63 was not controlled for 
in the present study. However, physical activity patterns are not believed to have 
impacted the results of this study as it has been shown that males spend more time in 
moderate to vigorous physical activity than females throughout maturation.64-66  
In summary, this study demonstrated the importance of sex and maturation on 
BRS in children and adolescents. Males demonstrated a clear decrease in BRS with 
maturation, whereas females remained unchanged. This was the first study to assess 
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pubertal maturation and BRS in children and adolescents by categorizing across all stages 
of sexual maturation. This finding is important to consider when examining children and 
adolescents with cardiovascular disease risk factors such as hypertension and obesity, as 
the clustering of maturation in groups may provide errors in interpreting abnormally high 
or low BRS values.  
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Abstract 
 
Background: Pubertal maturation influences cardiovagal baroreflex sensitivity (BRS) in 
children and adolescents in a sex-dependent manner. The effect of pubertal maturation on 
common carotid artery (CCA) distensibility has been given little attention. Furthermore, 
the relationship between CCA distensibility and BRS in children and adolescents has not 
been studied extensively. Therefore, we tested the hypothesis that maturational changes 
in BRS are associated with similar patterns of change in CCA distensibility.  
Methods and Results: The study was cross-sectional and included 80 participants (38 
males and 42 females) aged 8-18 years old. Participants were organized into five pubertal 
groups based on the criteria of Tanner; pre-pubertal (Tanner stage 1, n=14), early-
pubertal (Tanner stage 2, n=12), peri-pubertal (Tanner 3, n=17), late-pubertal (Tanner 4, 
n=19), and post-pubertal (Tanner 5 & 6, n=18). Anthropometric (height, body mass, and 
body mass index) and demographic variables were collected. CCA B-mode imaging and 
applanation tonometry were used to determine CCA distensibility. Beat-by-beat blood 
pressure (BP) and R-R interval (RRI) were collected during supine rest in order to 
determine BRS. BRS was assessed by transfer function analysis in the low frequency 
range (0.05 – 0.15Hz). The results demonstrated no main effects for sex (F(1, 70) = 0.462, 
ns), or maturation (F(4, 70) = 0.402, ns) and no sex-by-maturation interaction (F(4, 70) = 
4.729, df =4, ns) for CCA distensibility. Furthermore, there was no relationship between 
CCA distensibility and BRS.  
Conclusion: The findings of this study demonstrated that CCA distensibility remains 
stable throughout pubertal maturation and is not related to BRS. These findings suggest 
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Introduction 
 
The arterial baroreceptors are important regulators of beat-by-beat changes in 
blood pressure (BP). The integrative assessment of cardiovagal baroreflex sensitivity 
(BRS) is determined by examining the change in R-R interval (RRI) to a given change in 
systolic blood pressure (SBP). This integrative assessment can be further delineated into a 
mechanical and neural component.1 The transduction of mechanical arterial distension 
into neural activation is an important determinant of BRS. Increased carotid sinus 
distension has been shown to activate carotid nerve firing.2, 3 The neural component 
encompasses neural transduction of arterial stretch into vagal outflow and a resultant 
effector response on RRI.1  
Various studies have examined these components in adults with respect to aging4-6 
and orthostatic stress.7-9 Monahan et al., (2001)4 demonstrated that reduced BRS with 
aging was associated with reduced common carotid artery (CCA) compliance. 
Furthermore, improvement in BRS as a result of exercise training was associated with 
improved CCA compliance.4 Conversely, Hunt and colleagues attributed both the 
mechanical and neural components to reduced BRS in older adults; however, physically 
active older adults exhibited preserved BRS as a result of a preserved neural component.6 
The effect of aging on BRS has been examined in children and adolescents and 
studies have shown it to increase,10 or remain unchanged with age.11, 12 We have 
demonstrated a maturation effect on BRS that was sex-dependent (Chapter 4). 
Specifically, it was found that BRS decreased in males from early to post-puberty and 
remained unchanged in females, which resulted in a sex difference post-puberty. The 
mechanism of this maturational change has not been elucidated, but is likely a result of 
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both neural and mechanical alterations associated with maturation.10, 13 In fact, Lenard 
and colleagues found that BRS improved with age in children and adolescents aged 7-18 
years old.10 This was attributed to increasing neural mechanisms as CCA distensibility 
decreased in the same age range.10 
The effects of age and sex on CCA distensibility has been evaluated in a large 
cohort of children and adolescents and demonstrated that CCA distensibility decreased 
with age, while sex differences became apparent at 15 years of age.14 Similarly, a study 
examining the influence of maturation on central pulse wave velocity showed that 
females had stiffer arteries compared to males, pre-puberty.13 However, stiffness 
decreased in females and increased in males post-puberty; eliminating sex differences.13 
These studies suggest that sex-dependent maturational changes may affect arterial 
distensibility; however, one study found that CCA distensibility remained unchanged 
with pubertal maturation.15 To date no study has examined the relationship between CCA 
distensibility and BRS in relation to maturation. Therefore, the purpose of this study was 
to examine the changes in CCA properties across different stages of maturation, and 
evaluate the relationship between CCA distensibility and BRS. We tested the hypothesis 
that sex-dependent changes in BRS with maturation are related to similar sex-dependent 




There were a total of 121 participants who completed this study, of which, 116 
were included from Chapter 4. Participants were between the ages of 8-18 years and 
reported no prior history of chronic illness. Of these participants, two girls were excluded 
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for arrhythmias, two participants were excluded for incomplete/incorrect maturation 
classification, and two were excluded for medication. Of the 115 participants tested in 
this study, ultrasound images and applanation tonometry for the assessment of the CCA 
was attainable on 80 participants (~70%). A majority of this dropout was a result of the 
participants’ inability to continue the protocol in order to obtain adequate pressure 
waveforms and/or CCA images. There was no significant difference between the number 
of dropouts in each maturation group (χ2=2.571, df=4, ns). A total of 29% was lost from 
the pre-pubertal, 14% from the early-pubertal, 23% in the peri-pubertal, 20% in the late-
pubertal, and 14% in the post-pubertal groups. Also, to address the relationship between 
BRS and CCA distensibility, 72 of the 80 participants also had adequate BRS data. There 
was no difference in age, height, body mass, BMI, SBP, DBP, or RRI between those 
included in the study and those who were not. The Brock University Research Ethics 
Board approved this study. 
Experimental Protocol 	  
Participants were scheduled for one, two-hour appointment at the Human 
Hemodynamic Laboratory at Brock University. They were asked to fast four-hours prior 
to their appointment and to avoid vigorous physical activity, smoking, and caffeine 12-
hours prior to their appointment. Upon arrival to the laboratory, the parent/guardian(s) of 
the participant provided informed written consent if they were underage, and the 
participant provided assent. Information was collected on medical conditions and/or 
medications. Following this, height and body mass were collected. Participants then 
began cardiovascular testing. First, they were asked to lie supine for a period of 15 
minutes to allow BP and RRI to achieve baseline levels. Four initial manual BPs were 
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measured and the last three were averaged. Beat-by-beat data collection of SBP and RRI 
began and continued for at least five minutes while the subject continued to rest in a dim, 
quiet, and temperature controlled setting. Following beat-by-beat data collection, carotid 
ultrasound sonography and tonometry were completed for the CCA. 
Experimental measures  
Anthropometry 
 
All anthropometric measurements were completed in a private room with the 
option of having the parent/guardian(s) present. Body mass index (BMI) was calculated 
using height and body mass (kg/m2). Standing height (cm) was measured using a 
stadiometer (Stat 7X, Ellard Instrumentation 50 Ltd Monroe, WA, USA) with the 
participants’ shoes removed and recorded to the nearest 0.1 cm. Body mass (kg) was 
measured using a digital scale (BWB-800S, Tanita Digital Scale, Tokyo, Japan) and 
recorded to the nearest 0.1 kg.  
Sexual Maturation  
 
Pubic hair development was self-reported using the Sexual Maturation Scale by 
Tanner criteria, taken from Taylor et al (2001), in order to class subjects into their 
maturation groups.16-18 Pubertal maturation was categorized based on self-assessed pubic 
hair as it has been shown to have better agreement with physical examination by a 
physician compared to breast/genitalia development.18 Participants were organized into 
their maturation groups based on the following: pre-pubertal (Pre, Tanner stage 1), early-
pubertal (Early, Tanner stage 2), peri-pubertal (Peri, Tanner 3), late-pubertal (Late, 
Tanner 4), and post-pubertal (Post, Tanner 5 & 6). 
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Blood Pressure  
 
Auscultation is the recommended method of BP measurement in children and 
adolescents.19 Participants lied supine with their arm resting at heart level for 15 minutes. 
Blood pressure was measured four times using a non-invasive, standard inflatable cuff 
and a sphygmomanometer placed on the right arm. The last three were recorded and 
averaged to determine SBP, diastolic BP (DBP), and mean arterial pressure (MAP). A 
stethoscope was placed over the brachial artery pulse, below the bottom edge of the cuff 
(2 cm above the cubital fossa). Correct measurement of BP requires an appropriate sized 
cuff; each child was fitted with either a pediatric or adult cuff based on arm size.19. MAP 
was calculated using the formula MAP = 1/3·SBP + 2/3·DBP. 
Carotid Sonography and Tonometry  
 
CCA images were obtained using high-resolution ultrasound sonography (Vivid 
q, GE Medical Systems, The Netherlands). Three 2-dimensional B-mode images were 
recorded over five cardiac cycles at a frame rate of 37 frames/sec using a 12MHz linear 
array transducer, for offline analysis. Two of the best quality images with clearly visible 
intimal layers were used for determining diameter measurements in systole and diastole. 
Three cardiac cycles were chosen for each of the two images. Carotid sonography was 
completed for the CCA 1-2cm proximal to the bifurcation. The proper protocols and 
techniques for standardized carotid ultrasound were employed as recommended.20, 21 
In addition, applanation tonometry was used to non-invasively determine left 
CCA pulse pressure (PP). A hand-held tonometer (Millar Instruments, Houston Texas) 
was used to manually obtain pressure waveforms from the left CCA. The transducer was 
calibrated with an external device utilizing a two-point calibration system. The pressure 
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wave obtained is similar to that recorded within the artery.22, 23 Since the pressure 
required to applanate the artery and compress the overlying structures varies, the absolute 
values of systolic and diastolic pressure are not reliable, but the amplitude (PP) can be 
determined reliably.24 Accuracy of the Millar devices at the sites of the carotid and radial 
arteries has been established.22, 23 In order to obtain an acceptable waveform the criteria 
outlined by Chen et al., (1996)23 were followed so that the operator adjusted the hold-
down pressure so that acceptable waveforms had a stable baseline, maximum amplitude, 
and a reasonable configuration. An example of an ultrasound image and corresponding 
pressure waveforms is provided in Appendix A.  
Beat-by-beat RRI and BP 
 
Following 15 minutes of supine rest, five minutes of beat-by-beat RRI and BP 
data were collected simultaneously. Beat-by-beat BP (SBP and DBP) was collected using 
photoplethysmography (Nexfin, BMEYE, Amsterdam, The Netherlands) from the middle 
finger of the left hand. Since BP taken at the finger slightly differs from that taken at the 
arm, the average manual BPs taken at the beginning of the beat-by-beat recording were 
used to adjust the beat-by-beat values collected simultaneously with 
photoplethysmography. RRI was collected using a standard single-lead 
electrocardiogram. Both BP and RRI were sampled at a rate of 1000 Hz, providing a 
basic resolution of 1 millisecond (ms). These beat-by-beat data were then used for BRS 
analysis. 
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Beat-by-beat data were sampled at a rate of 1000 Hz using an online data analysis 
and acquisition system (Powerlab and Chart 7 PRO, ADInstruments). Data were saved 
for offline analysis and scanned to ensure that it was free from ectopic beats. Matlab 
(Mathworks, R2012b) was used to resample the data using the mean cardiac frequency to 
obtain an equal interval between samples. A low-pass Butterworth filter set to 0.95 Hz 
was used and the data were detrended. For transfer function analyses, Fast Fourier 
Transform (FFT) was used with the Welch method and Hanning window, with the 
window size set to one-fourth of the signal length with one-half overlap. LF area was set 
to 0.05-0.15 Hz and mean transfer function gain was used to determine BRS for the LF 
region using a coherence ≥0.5. 
Arterial Distensibility 
 
Maximum (systolic) and minimum (diastolic) diameters were determined using 
semi-automated edge-detection software (Artery Measurement System II, Image and 
Data Analysis) in a specified region of interest (ROI). The software identifies the artery 
wall within the ROI based on the contrast of brightness and intensity between the wall 
and lumen. Lumen diameter (LD) was measured from the leading edge of the near wall 
intima to the leading edge of the far wall intima. As well, arterial diameter (AD) was 
measured at the leading edge of the adventitial-medial border of the near wall to the 
medial-adventitial border of the far wall. Intima-media thickness (IMT) was measured at 
end-diastole at the far wall for the same cardiac cycles as vessel diameters.  
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Arterial distensibility coefficient (DC) was calculated for the CCA for both the 
AD (DCAD) and LD (DCLD) using the standard equation:25-27 
DC (mmHg-1 x 10-3) = (ΔCSA) / (PP · CSAmin) (1) 
Cross-sectional area (CSA) was calculated as CSA =  πr2, where r = diameter/2 for both 
AD and LD and  ΔCSA=CSAmax – CSAmin. PP was taken as the pressure increase from 
diastole to systole (PP = Ps – Pd) averaged from 10-15 cardiac cycles using applanation 
tonometry. As well, distension was calculated as Distension (mm)= diametermax – 
diametermin, and strain was calculated as Strain(%)=ΔCSA/CSAmin. 
Statistical analyses  
 
All statistical analyses were completed using SPSS software (IBM SPSS Statistics 
20). Data are expressed as mean ± standard deviation (SD) for continuous variables and 
as frequencies for categorical variables. For multivariate analyses, all dependent variables 
were checked for normal distribution using the Shapiro-wilk test and homogeneity of 
variances using Levene’s test. The level of significance was set to p<0.05 (two tails). 
Descriptive statistics of demographic, anthropometric, and cardiovascular 
variables were presented across maturation groups. Differences between maturation 
groups were assessed by a one-way ANOVA with Tukey post-hoc. Independent samples 
t-tests were used to compare sex differences for demographic, anthropometric, and 
cardiovascular variables. This was also repeated for menarcheal status. Chi-square was 
used to evaluate the distribution of males and females in the total sample and across 
maturation groups. Pearson’s correlation was used to identify correlates of DCLD, DCAD, 
and IMT. 
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Two-way ANOVAs were used to determine the effect of maturation group and 
sex on DCLD, and DCAD, and IMT. Linear regression analysis was used to determine the 
effect of DCLD, DCAD, and IMT on BRS. As we have shown previously, BRS is affected 
by sex and maturation; multiple linear regression analyses assessed the effect of CCA 
distensibility on BRS, while controlling for sex and maturation. 
DCLD, DCAD, and IMT were not normally distributed in the total sample or when 
split by sex. All variables were normally distributed in each pubertal stage except for 
DCLD and DCAD in the Late group. All variables demonstrated homogeneity of variances 
based on Levene’s test for sex and maturation. Upon visual inspection all variables were 
deemed acceptable for multivariate testing given the large sample size. Furthermore, log-




The sample included 80 children and adolescents comprised of 38 males and 42 
females. There was no difference in the number of males and females in this study for the 
total sample (χ2= 0.200, df=1, ns) or across maturation groups (χ2= 3.176 df=4, ns). 
Table 5-1 presents descriptive statistics across maturation groups. Age was not different 
between the Pre and Early groups, but differences became apparent in the Peri group, 
with age continuing to increase to Post. A similar pattern was evident for height, and 
body mass. BMI was elevated in the Late and Post groups compared to Early and Pre. 
SBP was higher in the Late compared to the Pre and Early groups, and Post compared to 
the Pre, Early, and Peri groups. MAP was greater in Post compared to Early only and RRI 
was greater in the Post compared to Pre. There was no difference in DBP. 
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The proportion of girls with menarche varied between groups (χ2= 28.642 df=4, 
p<0.001). In total, 23 of the 42 girls (55%) had reached menarche. None of the girls in 
the Pre or Early groups reported menarche, 60% of girls in the Peri, 91% in the Late, and 
100% in the Post groups reported menarche. Menarcheal girls were older (15.6 ± 1.8 vs. 
11.3 ± 0.85 years, p<0.001), taller (164.1 ± 6.7 vs. 147.6 ± 7.5 cm, p<0.001), had a 
greater body mass (59.4 ± 10.5 vs. 40.8 ± 8.8 kg, p<0.001), had greater BMI (22.0 ± 3.5 
vs. 18.7 ± 3.5 kg/m2, p=0.004), had greater RRI (902 ± 120 vs. 795 ± 98 ms, p=0.004), 
and higher SBP (115 ± 7 vs. 105 ± 9 mmHg, p=0.001) compared to girls who had not 
reached menarche.  
Ph.D. Thesis – D. Chirico; Brock University – Health Biosciences 
	   94 
 
Table 5-1. Descriptive statistics of demographic, anthropometric, and cardiovascular 
variables across maturation groups 
 Pre Early  Peri Late Post 
Age (years) 10.2 ± 1.2 11.1 ± 1.1 13.1 ± 1.7**# 14.6 ± 2.0**Ŧ 16.3 ± 1.8** Ŧδŧ 
Sex (M, F) 5,9 7,5 7,10 8,11 11,7 
Menarche (%) 0 0 60 91 100 
Height (cm) 142.0 ± 6.3 146.3 ± 9.4 156.6 ± 10.8**# 165.3 ± 11.7 **Ŧ 170.4 ± 7.2**Ŧδ 
Body Mass (kg) 35.6 ± 7.1 37.9 ± 6.1 48.8 ± 11.2*# 58.9 ± 11.6**Ŧτ 63.2 ± 9.2**Ŧδ 
BMI (kg/m2) 17.6 ± 3.1 17.7 ± 2.4 19.6 ± 2.7 21.5 ± 3.6*# 21.7 ± 2.5*# 
      SBP (mmHg) 103 ± 9 104 ± 7 109 ± 9 114 ± 8**# 119 ± 7**Ŧτ 
DBP (mmHg) 65 ± 9 61 ± 7 63 ± 7 63 ± 8 65 ± 6 
MAP (mmHg) 77 ± 8 75 ± 5 78 ± 6 80 ± 6 83 ± 4# 
RRI (ms) 825 ± 121 889 ± 105 907 ± 146 894 ± 140 978 ± 113* 
Values presented as mean ± standard deviation. One-way ANOVA with post-hoc Tukey used for between 
groups comparisons. Pre=pre-pubertal; Early=early-pubertal; Peri=peri-pubertal; Late=late-pubertal; 
Post=post-pubertal; BMI=body mass index; SBP=systolic blood pressure; DBP=diastolic blood pressure; 
MAP=mean arterial pressure; RRI=R-R interval. Note:  p<0.05 *compared to pre-pubertal; #compared to 
early-pubertal; τcompared to peri-pubertal; ŧ compared to late-pubertal. For p<0.001 **compared to re-
pubertal, Ŧcompared to early-pubertal, δcompared to peri-pubertal.  
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Common carotid arterial properties are presented in Table 5-2. There were no 
differences between maturation groups in arterial properties. When evaluating sex 
differences males had greater max LD (Figure 5-1A; 6.35 ± 0.43 mm vs. 6.01 ± 0.49 mm, 
p=0.002), min LD (Figure 5-1B; 5.45 ± 0.44 mm vs. 5.20 ± 0.45 mm, p=0.013), max AD 
(Figure 5-1A; 6.96 ± 0.44 mm vs. 6.58 ± 0.51 mm, p=0.001), min AD (Figure 5-1B; 6.12 
± 0.45 mm vs. 5.80 ± 0.46 mm, p=0.002), IMT (Figure 5-2; 0.38 ± 0.048 mm vs. 0.34 ± 
0.045 mm, p=0.001), and greater DistensionLD (Figure 5-3; 0.89 ± 0.16 mm vs. 0.82 ± 
0.15 mm, p=0.035). There was no sex difference for PP (30 ± 9 mmHg vs. 29 ± 7 mmHg, 
ns). DistensionAD (0.84 ± 0.17 mm vs. 0.79 ± 0.16 mm, ns), StrainLD (36.2 ± 8.6% vs. 
34.1 ± 8.1%, ns), StrainAD (30.0 ± 7.5% vs. 29.2 ± 7.1%, ns), DCLD (12.8 ± 4.1 mmHg-1 x 
10-3 vs. 12.3 ± 3.6 mmHg-1 x 10-3, ns) and DCAD (10.6 ± 3.4 mmHg-1 x 10-3 vs. 10.5 ± 3.2 
mmHg-1 x 10-3, ns) were not different between males and females, respectively.  
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Table 5-2. Arterial properties of the common carotid artery across maturation groups 
 Pre Early Peri Late  Post 
Common PP 29 ± 6 28 ± 4 29 ± 10 29 ± 7 31 ± 9 
LD max (mm) 5.91 ± 0.53 6.16 ± 0.34 6.11 ± 0.49 6.28 ± 0.51 6.31 ± 0.49 
LD min (mm) 5.10 ± 0.41 5.34 ± 0.32 5.24 ± 0.52 5.43 ± 0.47 5.41 ± 0.48 
AD max (mm) 6.46 ± 0.53 6.71 ± 0.34 6.72 ± 0.52 6.89 ± 0.52 6.93 ± 0.51 
AD min (mm) 5.69 ± 0.41 5.94 ± 0.33 5.87 ± 0.53 6.08 ± 0.46 6.08 ± 0.52 
DistensionLD 0.81 ± 0.17 0.82 ± 0.11 0.86 ± 0.18 0.87 ± 0.17 0.90 ± 0.15 
DistensionAD 0.77 ± 0.19 0.77 ± 0.14 0.83 ± 0.18 0.83 ± 0.18 0.85 ± 0.14 
StrainLD (%) 34.2 ± 7.4 33.5 ± 6.5 36.8 ± 10.9 34.2 ± 8.3 36.3 ± 7.8 
StrainAD (%) 29.0 ± 6.5 27.9 ± 6.8 31.5 ± 8.8 28.6 ± 7.2 30.3 ± 6.8 
IMT (mm) 0.34 ± 0.04 0.34 ± 0.06 0.37 ± 0.02 0.36 ± 0.05 0.37 ± 0.05 
DCLD (mmHg-1 x 10-3) 12.2 ± 4.3 12.3 ± 2.9 13.6 ± 4.9 12.1 ± 3.5 12.3 ± 3.1 
DCAD (mmHg-1 x 10-3) 10.4 ± 3.5 10.2 ± 2.8 11.6 ± 4.0 10.2 ± 3.2 10.3 ± 2.7 
Values presented as mean ± standard deviation. One-way ANOVA.  Pre=pre-pubertal; Early=early-
pubertal; Peri=peri-pubertal; Late=late-pubertal; Post=post-pubertal; LD=lumen diameter; AD=arterial 
diameter, IMT=intima media thickness; CSA=cross-sectional area; DC=distensibility coefficient.  
 
Ph.D. Thesis – D. Chirico; Brock University – Health Biosciences 













(A) Sex differences in maximum lumen and arterial diameters. (B) Sex differences in 
minimum lumen and arterial diameters.  
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Figure 5- 2 
Sex differences in intima-media thickness (IMT). Note: values presented as means and 
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Figure 5-3 
Sex differences in lumen diameter Distension (DistensionLD). Note: values presented as 
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Factors associated with arterial properties 
 
Pearson’s correlation analyses were completed for the total sample and separately 
for males and females to identify physiological factors (age, height, body mass, BMI, 
SBP, DBP, and RRI) associated with DCLD (Table 5-3), DCAD (Table 5-4), and IMT 
(Table 5-5). In the total sample DCLD was correlated with DBP (r=-0.237, p=0.034) and 
MAP (r=-0.237, p=0.034), DCAD was correlated with BMI (r=0.230, p=0.040), DBP (r=-
0.263, p=0.018), and MAP (r=-0.252, p=0.024), and IMT was correlated with DBP 
(r=0.236, p=0.035) and MAP (r=0.253, p=0.024). In males, only IMT and BMI were 
correlated (r=0.348, p=0.032). In females, IMT correlated with DBP (r=0.382, p=0.012) 
and MAP (r=0.374, p=0.015), DCLD was correlated with BMI (r=0.328, p=0.034), DBP 
(r=-0.322, p=0.028) and MAP (-0.274, p=0.046), DCAD was correlated to body mass 
(r=0.340, p=0.027), BMI (r=0.405, p=0.008), and DBP (r=-0.322, p=0.038).  
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Table 5-3. Pearson’s correlation of DCLD with demographic, anthropometric and 
cardiovascular variables 
 Total sample (n=80) Males (n=38) Females (n=42) 
DCLD r p r p r p 
Age (years) -0.183 0.104 -0.217 0.190 -0.129 0.416 
Height (cm) -0.093 0.411 -0.195 0.240 0.052 0.745 
Body Mass (kg) 0.049 0.669 -0.126 0.451 0.260 0.097 
BMI (kg/m2) 0.166 0.141 -0.015 0.930 0.328 0.034 
SBP (mmHg) -0.100 0.378 -0.081 0.629 -0.125 0.429 
DBP (mmHg) -0.237 0.034 -0.104 0.535 -0.322 0.028 
MAP (mmHg) -0.237 0.034 -0.139 0.405 -0.274 0.046 
RRI (ms) 0.012 0.915 -0.015 0.930 -0.026 0.910 
DCLD=distensibility coefficient for lumen diameter; BMI=body mass index; SBP=systolic blood pressure; 









Table 5-4. Pearson’s correlation of DCAD with demographic, anthropometric and 
cardiovascular variables 
 Total sample (n=80) Males (n=38) Females (n=42) 
DCAD r p r p r p 
Age (years) -0.145 0.199 -0.208 0.210 -0.077 0.628 
Height (cm) -0.072 0.523 -0.189 0.256 0.097 0.542 
Body Mass (kg) 0.098 0.388 -0.121 0.470 0.340 0.027 
BMI (kg/m2) 0.230 0.040 -0.010 0.950 0.405 0.008 
SBP (mmHg) -0.090 0.429 -0.107 0.522 -0.071 0.656 
DBP (mmHg) -0.263 0.018 -0.196 0.238 -0.322 0.038 
MAP (mmHg) -0.252 0.024 -0.232 0.161 -0.274 0.079 
RRI (ms) 0.001 0.994 0.019 0.911 -0.026 0.870 
DCAD=distensibility coefficient for arterial diameter; BMI=body mass index; SBP=systolic blood pressure; 
DBP=diastolic blood pressure; MAP=mean arterial pressure; RRI=R-R interval. 
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Table 5-5. Pearson’s correlation of IMT with demographic, anthropometric and 
cardiovascular variables 
 Total sample (n=80) Males (n=38) Females (n=42) 
IMT r p r p r p 
Age (years) 0.067 0.557 0.143 0.393 0.097 0.539 
Height (cm) 0.165 0.142 0.143 0.391 0.158 0.317 
Body Mass (kg) 0.104 0.360 0.264 0.110 -0.040 0.803 
BMI (kg/m2) -0.015 0.893 0.348 0.032 -0.141 0.373 
SBP (mmHg) 0.132 0.244 0.082 0.623 0.199 0.207 
DBP (mmHg) 0.236 0.035 0.261 0.114 0.382 0.012 
MAP (mmHg) 0.253 0.024 0.268 0.103 0.374 0.015 
RRI (ms) 0.207 0.065 0.181 0.277 -0.043 0.786 
IMT=intima-media thickness; BMI=body mass index; SBP=systolic blood pressure; DBP=diastolic blood 
pressure; MAP=mean arterial pressure; RRI=R-R interval. 
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Effect of Sex and Maturation on Arterial Properties  
Two-way ANOVAs were completed for DCLD, DCAD, and IMT to assess the 
effects of maturation group and sex. An interaction term for maturation and sex was also 
included in the model. For DCLD no main effect for sex (F(1, 70)=0.462, ns), or maturation 
(F(4, 70)=0.402, ns) were found, and no sex-by-maturation interaction (F(4, 70)=4.729, df=4, 
ns) was found. Similarly for DCAD, there was no main effect for maturation group (F(4, 
70)=0.573, ns), sex (F(1, 70)=0.082, ns) or sex-by-maturation (F(4, 70)=1.321, ns). For IMT, 
there was a main effect for sex (F(1, 70)=11.465, p=0.001), but not for maturation (F(4, 
70)=1.545, ns) or their interaction (F(4, 70)=0.763, ns). The sex effect remained after 
controlling for BMI (F(1, 69)=0.433, ns), DBP (F(1, 69)=9.196, p=0.003), and MAP (F(1, 
69)=5.616, p=0.021) separately.  
Arterial Distensibility, IMT, and BRS 
 
BRS for the 72 participants was 21.9 ± 9.2 ms/mmHg and ranged from 3.5-42.4 
ms/mmHg. BRS was regressed on DCAD, DCLD, and IMT separately and included two 
models, which are presented in Table 5-6. DCAD, DCLD, and IMT were not significant 
predictors of BRS. This was also true after including sex and maturation into the model. 
Maturation was a significant predictor of BRS in all models (Table 5-6).  
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Table 5-6. Regression analyses of BRS on DCAD, DCLD, and IMT 
BRS Model 1 p-value Model 2 p-value  
DCAD 0.322 (.114) 0.339 0.304 (0.108) 0.354 
Maturation - - -1.841 (-0.277) 0.020 
Sex - - 0.122 (0.007) 0.954 
     
Constant 18.476  26.644  
Adjusted R-squared -0.001  0.050  
R2 0.013  0.090  
DCLD 0.351 (0.146) 0.223 0.344(0.143) 0.221 
Maturation - - -1.840 (-0.277) 0.019 
Sex - - 0.273 (0.007) 0.898 
     
Constant 17.459  23.449  
Adjusted R2 0.007  0.059  
R2 0.021  0.099  
IMT -10.455 (0.054) 0.653 2.567 (0.013) 0.918 
Maturation - - -1.875 (-0.282) 0.021 
Sex - - 0.212 (0.012) 0.926 
     
Constant 25.692  27.028  
Adjusted R2 -0.011  0.038  
R2 0.003  0.079  
Values presented as b-coefficients with Beta in parentheses. BRS=baroreflex 
sensitivity; DCAD=distensibility coefficient of arterial diameter; DCLD=distensibility 
coefficient of lumen diameter; IMT=intima-media thickness.  
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Discussion 
 
This novel study examined the effect of maturation and sex on CCA distensibility 
in children and adolescents, and its relationship to BRS. Overall, the findings suggest that 
CCA distensibility remains stable throughout maturation and is not a predictor of BRS. 
Furthermore, there was no evidence of a maturation effect on CCA properties; however, 
sex differences were evident with males having greater max and min diameters, IMT, and 
DistensionLD.  
Maturation, Sex, and CCA Properties 
 
Descriptive statistics (Table 5-2) demonstrated no maturational effect on arterial 
size or distensibility. There were distinct differences between males and females with 
respect to arterial size and structure. Males had greater IMT, maximum and minimum 
lumen and arterial diameters, and DistensionLD. Our findings are consistent with Sass and 
colleagues who found that CCA diameter did not change with age in 10-18 year olds, but 
a sex difference was evident after 14 years of age.28 Likewise, CCA IMT did not increase 
with age. In contrast to the present findings, Sass and colleagues only found a sex 
difference after 18 years of age in which males had greater IMT than females.28 Several 
studies have found IMT to increase slightly with age in children and adolescents14, 29 with 
a sex difference appearing at 15 years.14 In the present study IMT correlated with MAP 
and DBP in the total sample, with BMI in males, and DBP and MAP in females. Taken 
together, while it appears as though CCA diameter remains stable and is unaffected by 
growth and maturation in children and adolescents, changes in IMT with age are 
associated with body size and BP.14, 28, 29 
 CCA distensibility also remained stable throughout maturation. Additionally, 
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there was no sex difference in CCA distensibility. These findings correspond with 
previous studies in children and adolescents that suggest CCA distensibility is unaffected 
by sex and maturation.15, 30 This is in contrast to other reports that have found sex specific 
changes in CCA distensibility and central pulse wave velocity with age and maturation.10, 
13, 14, 29 Ahimastos et al., (2003)13 evaluated arterial stiffness by means of central pulse 
wave velocity by comparing pre- and post-pubertal males and females. Although females 
had stiffer central arteries compared to males pre-puberty, central stiffness decreased 
post-puberty in females and increased in males, eliminating sex differences. Similarly, 
Ayer et al., (2010)31 found that augmentation index was greater in pre-pubertal females 
compared to males, independent of height and heart rate, indicating greater arterial 
stiffness in females. Collectively, these findings provide indirect support for the 
beneficial effect of estrogen on arterial stiffness and the notion that females possibly have 
intrinsically stiffer arteries in the absence of estrogen. Indeed, this is supported by a sex 
and age interaction in adults where CCA distensibility decreased more rapidly with age in 
women.32, 33 Moreover, acute alterations in hormone concentrations during the menstrual 
cycle reveal that changes in circulating estrogen can alter CCA distensibility.34 These 
findings are not universal as studies in children and adolescents, as well as adults, have 
failed to consistently find a sex difference in CCA distensibility and stiffness.10, 30, 35, 36 
Arterial Distensibility and BRS 
 
The cardiovagal baroreflex functions to maintain BP homeostasis on a continuous 
basis by reflexively adjusting RRI. Two important components of baroreflex function 
have been identified; the arterial mechanical component which is responsible for 
baroreceptor activation, and the neural component which incorporates afferent signaling 
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and central processing responsible for initiating changes in RRI.1 The arterial mechanical 
component relies on the ability of the artery to respond to changes in pressure. Hence, 
arterial structure and function play a critical role in baroreflex function. The importance 
of CCA distensibility and thickness on BRS has been examined extensively in adults, 
with conflicting results. While several studies maintain that altered BRS is a result of 
changes in arterial properties,4, 5, 7, 8, 37, 38 others suggest the neural component plays a 
larger role.6, 9, 39 Taken together, these previous findings suggest that both components 
play a varying role in regulating BRS. Few studies exist in children and adolescents 
examining the relationship between CCA distensibility and BRS. Lenard and colleagues 
found that while BRS improved with age in children and adolescents, CCA distensibility 
decreased.10 Therefore, improvements in BRS were attributed to neural improvements.10 
In the present study, CCA distensibility did not change with sex or maturation and was 
not a predictor of BRS. Therefore, it is likely that the decrease in BRS in males with 
maturation (Chapter 4) is a result of impaired neural function. 	  
The neural component of BRS is comprised of afferent neural signaling, central 
processing, an efferent response, and cardiac responsiveness.6 Central processing, 
acetylcholine production, and muscarinic receptor density are possible explanations to 
neural alterations with maturation. Sex hormones, particularly estrogen, elicit both 
genomic and non-genomic effects that can enhance BRS centrally,40-43 increase 
acetylcholine concentration,44 and increase muscarinic cell receptor density.45 Less is 
known about testosterone; however, it has been shown to increase choline 
acetyltransferase activity,46 as well as enhance BRS centrally.47 Although direct 
conclusions cannot be drawn from this study and the mechanism of reduced BRS with 
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maturation in males and preserved BRS in females remains to be explained, it is possible 
that decreased BRS in males with maturation (Chapter 4) is due to the combination of 
increased SBP with maturation and lower sex hormone concentration due to the delayed 
onset of puberty in males, compared to females. It is also possible that throughout 
maturation females begin to rely more on changes in RRI, while males begin to rely more 
on changes in total peripheral resistance to regulate BP, as has been reported in adults.48-
50 
Although neural mechanisms provide a compelling explanation, it is plausible that 
methodological limitations prevented the ability to detect a relationship between CCA 
distensibility and BRS. Baroreceptors have been localized to the medial portion of the 
carotid sinus, distal to the carotid bifurcation.51 Interestingly, digital subtraction 
angiography has demonstrated that the carotid sinus undergoes structural alterations in 
size in children and adolescents 10-19 years old compared to children 0-9 years old.52 
This suggests that maturation of the carotid sinus occurs, which in turn may influence 
maturational changes in BRS. Furthermore, it has been shown that changes in strain and 
distensibility occur earlier in the carotid sinus compared to the CCA.53 More importantly, 
strain and distensibility of the proximal portion of the carotid sinus are reduced compared 
to other segments of the sinus.52 Taken together, the aforementioned findings demonstrate 
that a possible explanation to the lack of relationship between BRS and arterial 
distensibility may be a result of using the CCA as a surrogate for the carotid sinus. Future 
work in children and adolescents necessitate the exploration of the role of carotid sinus 
distensibility on BRS to provide a more accurate assessment of the arterial mechanical 
component.  
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Limitations: The current study used self-reported Tanner stage to delineate 
maturation stage. Although this method has shown good agreement with physician 
reported maturation stage using Tanner criteria,18 there may be bias in the self-reported 
stages, and difficulty in deciphering between stages. Furthermore, the timing and tempo 
of maturation was not evaluated because Tanner stage was reported on one visit. 
Therefore, a given pubertal group can encompass individuals at the early or late end of a 
given stage. Moreover, hormone concentrations were not collected in this study. Given 
the dynamic nature of pubertal development, no criteria are established linking a hormone 
concentration to a given pubertal stage.  
Menstrual cycle phase was not controlled for in the present study. The influence 
of menstrual cycle phase on BRS and CCA distensibility has demonstrated inconsistent 
findings in adults.34, 53, 54 To our knowledge, the influence of menstrual cycle phase on 
BRS and CCA distensibility has not been evaluated in adolescents. Given the greater 
menstrual cycle irregularity in adolescent girls and longer intermenstrual cycle length, 
hormone concentrations are likely to be lower and demonstrate more gradual variations 
compared to adults. Also, menstrual cycle irregularity increases the complexity of 
participant scheduling with no previous experimental evidence supporting its importance 
in adolescents. Therefore, not controlling for menstrual cycle phase in the present study is 
deemed to be acceptable and not believed to have impacted the results.  
The sample size in the present study is small compared to previous studies 
examining maturation and CCA distensibility15 and BRS.10, 11 However, the lack of 
maturation group differences in CCA distensibility of the present study is similar to that 
of Marlatt et al., (2013)15. We observed small effect sizes for sex (0.14), maturation 
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(0.15), and their interaction (0.24) with respect to CCA distensibility. Based on these 
effect sizes the required sample size to obtain 80% power for sex would be 850, for 
maturation the required sample size would be 562, and for their interaction 207. In fact, 
the sample size in the aforementioned study by Marlatt and colleagues was 344. The need 
for such a high sample size illustrates the small main effects of sex, maturation, and their 
interaction on CCA distensibility. Therefore, although our sample size was small and 
power was low compared to previous studies, we observed similar effects in comparison 
to larger-scale studies. This implies that maturation has little effect on CCA properties. 
Lastly, it has been suggested that the measurement of arterial properties and BRS 
simultaneously on a beat-by-beat basis may better reflect the relationship between arterial 
mechanics and BRS.1, 56 This method has been used in a variety of ways in adults, but not 
in children and adolescents.  
In conclusion, the findings of the present study indicate that CCA distensibility is 
unaffected by maturation and is unrelated to BRS in children and adolescents. 
Furthermore, CCA diameter and IMT remain stable throughout maturation. Sex 
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Abstract 
 
Background: Carotid artery distensibility is an important predictor of baroreflex 
sensitivity at rest and in response to postural stress. Pulse pressure (PP) is an important 
stimulus for baroreceptor activation and local measures of arterial distensibility. The 
purpose of this study was to evaluate PP measured non-invasively at the common carotid 
artery (CCA), carotid sinus (CS), and finger; and to evaluate the change in PP at each 
location in response to a change in posture.  
Methods: PP was measured at the CCA (PPCCA) and CS (PPCS) using applanation 
tonometry (Millar), and at the finger (PPFinger) using photoplethysmography (Nexfin). PP 
was measured in supine and in a seated-recumbent position (SR) to elicit a postural 
stimulus. There were a total of 81 children and adolescents with PP measured at all three 
locations in supine, whereas 60 had all three measures in both supine and SR.  
Results: PPCS was greater than PPCCA (34 ± 9 mmHg vs. 29 ± 8 mmHg, p<0.001), while 
PPFinger was greater than both PPCCA (46 ± 12 mmHg vs. 29 ± 8 mmHg, p<0.001) and 
PPCS (34 ± 9 mmHg, p<0.001). PPFinger significantly decreased from supine to SR 
(p<0.001), while there was no change in PPCCA or PPCS in response to posture. The 
relative change in PPFinger was significantly different compared to the relative change in 
PPCCA (p<0.001), and PPCS (p<0.001). The relative change between PPCCA and PPCS were 
not different (8.7 ± 0.3% vs. 1.7 ± 0.3%, ns). 
Conclusion: These findings highlight the importance of specificity of measurement site 
for PP and indicate PP measured at the finger does not accurately reflect PP at the CCA 
and CS in supine or in response to upright posture in children and adolescents. 
Furthermore, these findings indicate that PPCCA and PPFinger may not be suitable 
surrogates of PPCS. This is important to consider when evaluating the impact of arterial 
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Introduction 
 
Central aortic pressure and stiffness have been shown to be important predictors 
of cardiovascular events and mortality.1, 2 Recently, reduced common carotid artery 
(CCA) distensibility has also been shown to be an important predictor of cardiovascular 
events and all-cause mortality.3 Determining CCA distensibility relies on accurate 
measurement of local pulse pressure (PP), typically using applanation tonometry at the 
carotid artery.4-6 PP is a major determinant of large artery remodeling7, 8 and has been 
identified as an important independent risk factor for cardiovascular events.1, 9 
Furthermore, PP is an important stimulus for arterial baroreceptor activation.10, 11 
Therefore, PP is an essential component for both arterial distensibility and baroreflex 
activation. 
Baroreceptors respond to deviations in blood pressure (BP) by reflexively altering 
heart rate (HR). This can be determined by relating the change in R-R interval (RRI) for a 
given change in systolic BP (SBP), which provides a measure of cardiovagal baroreflex 
sensitivity (BRS). The importance of CCA distensibility on BRS has been demonstrated 
previously.12-14 Furthermore, the baroreflex can be delineated into two components; the 
mechanical and neural components.15 The mechanical component refers to the 
mechanical transduction of BP into carotid stretch and the neural component refers to the 
neural transduction of carotid stretch into cardiac vagal outflow. The mechanical 
component represents the vascular properties of the artery, such as distensibility, and is 
responsible for baroreceptor activation.15 It is quantified as the change in CCA diameter 
for a given change in SBP typically measured peripherally at the finger.  
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The accurate representation of local PP is important when examining BRS and the 
impact of mechanical properties on BRS.6, 16 This is especially true in scenarios such as 
orthostatic stress, where gravitational stressors may alter local pressures, as well as HR.17 
Indeed, it has been shown previously that change in peripheral PP (finger) does not 
reflect CCA PP in response to head-up tilt (HUT) in adults.18 However, no study has 
examined PP at the carotid sinus (CS) in comparison to the CCA or to peripheral 
measures of PP. This is important to consider as baroreceptors are localized to the CS.19, 
20 Likewise, the use of peripheral pressure measurements for the assessment of central 
pressures has been questioned6, 16 based on the principle of pressure amplification in 
peripheral arteries.21, 22 This may be particularly important to address in children and 
adolescents as differences in central and peripheral pressures are more pronounced and 
aging is associated with increasing central arterial stiffness.22-24 Despite these findings, 
and caution raised by others,6, 18, 25 the use of peripheral PP to assess the impact of 
mechanical properties of the CCA on BRS in response to orthostatic stress is still 
common.26, 27   
Therefore, the purpose of this study was two-fold, 1) to evaluate the differences in 
PP measured at the finger (PPFinger), CCA (PPCCA) and CS (PPCS) in supine, and 2) to 





The present study included 81 of the 121 participants from Chapter 5 who had PP 
measurements at three recording sites (finger, CCA, CS) in supine. Of the 81 participants, 
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60 had PP measurements at all three sites for both the supine and seated recumbent (SR) 
positions. All of the participants were between 8-18 years of age and were healthy with 
no prior history of chronic illness. They were asked to fast four-hours prior, avoid 
vigorous physical activity, smoking, and caffeine 12-hours prior to data collection. The 
Brock University Research Ethics Board approved this study.  
Experimental Protocol 
 
Upon arrival to the laboratory, the parent/guardian(s) of the participants provided 
informed written consent if the participant was underage, and the participant provided 
assent. Information was collected on medical conditions and/or medications. Following 
this, height and body mass were collected. Participants then began cardiovascular testing. 
First, they were asked to lie supine for a period of 15 minutes to allow BP and HR to 
achieve baseline levels. Four initial manual BPs were measured and the last three were 
averaged. Beat-by-beat data collection of HR and BP began and continued for at least 
five-minutes while the subject continued to rest in a dim, quiet, and temperature 
controlled setting. This five-minute recording of BP collection of the left middle finger 
was used for the measurement of PPFinger. As well, measurements of PPCCA and PPCS were 
obtained using applanation tonometry (Millar). Participants were then passively seated in 
a 50° recumbent (SR) upright position with their back supported and legs extended, while 
their finger remained at heart level. After a five-minute stabilization period, all 
measurements completed in the supine position were repeated. 
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Experimental measures  
Anthropometry 
 
All measurements of body composition were performed in a private room with the 
option of having the parent/guardian(s) present. Body mass index (BMI) was calculated 
using height and body mass (kg/m2). Standing height (cm) was measured using a 
stadiometer (Stat 7X, Ellard Instrumentation 50 Ltd Monroe, WA, USA) with the 
participants’ shoes removed and recorded to the nearest 0.1 cm. Body mass (kg) was 
measured using a digital scale (BWB-800S, Tanita Digital Scale, Tokyo, Japan) and 
recorded to the nearest 0.1 kg.  
Blood Pressure  
 
Auscultation is the recommended method of BP measurement in children.28 
Participants lied supine with their arm resting at heart level for 15 minutes. In both the 
supine and SR positions, BP was measured four times using a non-invasive, standard 
inflatable cuff and a sphygmomanometer placed on the right arm. The last three were 
recorded and averaged to determine SBP, diastolic BP (DBP), and mean arterial pressure 
(MAP). A stethoscope was placed over the brachial artery pulse, below the bottom edge 
of the cuff (2 cm above the cubital fossa). Correct measurement of BP requires an 
appropriate sized cuff; each child was fitted with either a pediatric or adult cuff based on 
arm size.28 MAP was calculated using the formula MAP = 1/3·SBP + 2/3·DBP. 
Beat-by-beat HR and BP 
 
Following 15 minutes of supine rest, five minutes of beat-by-beat HR and BP data 
were collected simultaneously. Beat-by-beat BP (SBP and DBP) was collected using 
photoplethysmography (Nexfin, BMEYE, Amsterdam, The Netherlands) from the middle 
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finger of the left hand. Since BP taken at the finger slightly differs from that taken at the 
arm, the average manual BPs taken at the beginning of the beat-by-beat recording were 
used to adjust the beat-by-beat values collected simultaneously with 
photoplethysmography. HR was collected using a standard single-lead electrocardiogram. 
The average of the five-minute recording was used to determine PPFinger, which was 
calculated as the difference between SBP and DBP.  
Arterial Tonometry  
 
Applanation tonometry was used to non-invasively determine left PPCCA and 
PPCS. A hand-held tonometer (Millar Instruments, Houston Texas) was used to manually 
obtain pressure waveforms from the left CCA and CS. In order to ensure accurate 
measurement of PPCS, the CS was landmarked using ultrasound sonography. The 
transducer was calibrated with an external device utilizing a two-point calibration system. 
The pressure wave obtained is very similar to that recorded within the artery.22, 29 Since 
the pressure required to applanate the artery and compress overlying structures varies, the 
absolute values of systolic and diastolic pressure are not reliable, but the amplitude (PP) 
can be determined reliably.18 Accuracy of the Millar devices at the sites of the carotid and 
radial arteries has been established.22, 29 In order to obtain a suitable waveform the criteria 
outlined by Chen et al., (1996)29 were followed so that the operator adjusted the hold-
down pressure so that acceptable waveforms had a stable baseline, maximum amplitude, 
and a reasonable configuration. Pressure measurements from 10-15 cardiac cycles were 
used to determine PPCCA and PPCS as the difference between the maximum and minimum 
pressure values. An example of pressure waveforms obtained for the CCA (Appendix A-
2) and CS (Appendix B-2) are provided. 
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Statistical Analysis 
 
Statistical analyses were performed using IBM Statistics (IBM SPSS Statistics 
20). Continuous variables are presented as mean ± standard deviation (SD) and all 
categorical variables are presented as proportions (%). All assumptions were tested prior 
to completing parametric tests. Normality was tested using the Shapiro-Wilk test and 
sphericity was tested by the Mauchly’s test. Box plots were used to assess outliers in the 
data.  
A Chi-Square test was used to examine proportions of males and females. 
Pearson’s correlation and linear regression analyses were completed between 
measurement sites in the supine position. A repeated-measures ANOVA was performed 
to assess the effect of measurement site on supine PP. A Bonferroni post-hoc test was 
used to identify significant differences in supine PP between measurement sites. Paired t-
tests were used to examine the effect of posture on PP at each measurement site. A 
repeated-measures ANOVA was completed to examine the effects of measurement site 
(i.e. CCA, CS, and finger) and posture (i.e. supine, SR) on relative change in PP, while 
controlling for baseline differences. A Bonferroni post-hoc test was used to determine 
significant differences between measurement sites. Significance was set at p<0.05 (two 
tails).  
Supine PPs at each site were not normally distributed. There was no evidence of 
severe skewness or kurtosis in any of the measurement sites. Sphericity was not assumed 
(W=0.907, p=0.02) for the supine sample, and therefore, the Greenhouse-Geisser 
correction was used for repeated-measures ANOVA. For the sample with all three 
measurements in both the supine and SR positions, only relative change in PPCCA was 
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normally distributed. There was no severe skewness or kurtosis for relative change at any 
measurement site, and Sphericity was assumed. The sample was deemed large enough to 
proceed with parametric testing. Outliers were included in the analysis as results did not 




Table 6-1 presents participant demographic and anthropometric characteristics for 
the 81 participants. There was an equal distribution of males and females in the sample 
(χ2(1, 81)=0.012, p=0.912). The average age of the sample was 13.5 ± 2.7 years, with an 
average height and body mass of 158.3 ± 13.9 cm and 50.7 ± 15.0 kg, respectively.  
Effect of Measurement Site on Supine PP 
 
A measurement site effect (F(1.83, 146.35) = 96.056, p<0.001) on PP was found using 
a repeated-measures ANOVA. Figure 6-1 graphically depicts the results of the between 
measurement site comparisons. Bonferroni post-hoc analysis identified differences 
between each site in the supine position. PPCS was greater than PPCCA (34 ± 9 mmHg vs. 
29 ± 8 mmHg, p<0.001), while PPFinger was greater than both PPCCA (46 ± 12 mmHg vs. 
29 ± 8 mmHg, p<0.001) and PPCS (34 ± 9 mmHg, p<0.001). Table 6-2 displays 
correlations of PP between measurement sites in the supine position. All measurements 
were significantly correlated. PPCS correlated best with PPFinger.  
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Table 6-1: Participant characteristics 
   Mean ± SD  
n 81 
Male (%) 49.4 
Age (years) 13.5 ± 2.7 
Height (cm) 158.3 ± 13.9 
Body Mass (kg) 50.7 ± 15.0 
BMI (kg/m2) 19.8 ± 3.5 
HR (bpm) 66 ± 10 
SBP (mmHg) 110 ± 10 
DBP  (mmHg) 63 ± 7 
MAP (mmHg) 78 ± 6 
BMI=body mass index; HR=heart rate; bpm=beats per minute; SBP=systolic blood pressure; 
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Figure 6-1 
Comparison of pulse pressure (PP) measured at the common carotid artery (CCA), 
carotid sinus (CS) and finger in the supine position. Note: *significantly different from 
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Table 6-2: Linear regression and correlation coefficients of pulse pressure 
measured at the common carotid, carotid sinus and left middle finger in the 
supine position.  
 
   r       B (SE)    R2 p-value 
CCA vs. Finger 0.227 0.150 (0.072) 0.052 0.041 
CS vs. Finger 0.395 0.309 (0.081) 0.156 <0.001 
CCA vs. CS 0.377 0.317 (0.088)  0.142 0.001 
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Effect of Posture and Measurement Site on PP 
 
Table 6-3 presents the PP values at each measurement site for the 60 participants 
that had all three measurements in supine and SR positions. Paired t-tests (Table 6-3) 
revealed that PPFinger significantly decreased from supine to SR (t=5.817, p<0.001), while 
there was no change in PPCCA (t= -1.603, ns) or PPCS (t=0.378, ns) in response to SR.  
When comparing the relative change in PP (Figure 6-2), a repeated-measures 
ANOVA revealed a measurement site effect (F(2, 120) =10.680, p<0.001). A Bonferroni 
post-hoc test identified that the change in PPFinger was significantly different compared to 
the change in PPCCA (-11.7 ± 0.2% vs. 8.7 ± 0.3%, p<0.001), and PPCS  (1.7 ± 0.3%, 
p=0.007). The change between PPCCA and PPCS was not different (8.7 ± 0.3% vs. 1.7 ± 
0.3%, ns).  
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Table 6-3: Pulse pressure measured at the common carotid, 
carotid sinus and left middle finger in the supine and seated-
recumbent positions (n=60). 
  S SR 
PPCCA (mmHg) 29 ± 8 31 ± 7 
PPCS (mmHg) 34 ± 8 33 ± 9 
PPFinger (mmHg) 47 ± 12 40 ± 10* 
Values presented as mean ± SD. S=supine; SR=seated-recumbent. PPCCA 
=common carotid artery pulse pressure; PPCS=carotid sinus pulse pressure; 
PPFinger=finger pulse pressure. Note: Paired t-test *significantly different 
compared to S, p<0.001. 
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Figure 6-2 
Relative change in pulse pressure (PP) in response to seated-recumbent position at 
the common carotid artery (CCA), carotid sinus (CS) and finger. Note: 
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Discussion 
 
The present study compared PP measured peripherally at the finger, using 
photoplethysmography, to that measured centrally at the CCA and CS, using applanation 
tonometry. The important findings from this study are two-fold; first, PP measured at the 
finger was greater than that of both the CCA and CS in supine. In addition, PP at the CS 
was greater than the CCA. Second, PP measured at the finger decreased in response to a 
moderate posture stimulus, while CCA and CS pressures were unchanged. These findings 
suggest that pressure measured at the finger does not represent pressure measured at the 
CCA and CS. This is important to consider when evaluating the effect of mechanical 
arterial properties on BRS.  
Our findings are consistent with a previous study examining central and 
peripheral PP in response to HUT in adults.18 However, we have extended these previous 
findings in two important ways; 1) these findings apply to children and adolescents and 
2) PP measured at the CS is greater than the CCA in supine, and responds similarly to the 
CCA to a postural stimulus. Steinback et al., (2004)18 found that peripheral PP measured 
at the radial artery and finger were greater than that of the CCA. Furthermore, peripheral 
PP decreased in response to tilt, while central PP remained unchanged. Our findings 
support these results and extend them further to the CS. This is important as 
baroreceptors are densely localized in the body of the CS, just distal to the bifurcation.19 
Our values slightly differ from those reported by Steinback.18 In their study PPFinger and 
PPCCA were 55 ± 4 mmHg and 33 ± 5 mmHg, respectively, while ours were 46 ± 12 and 
29 ± 8, respectively. Furthermore, PPCS in our study was 34 ± 8 mmHg. When examining 
the change in PP at the different measurement sites, our findings are consistent with 
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Steinback and colleagues18 and further suggest that the CS responds in a similar manner 
to the CCA. The magnitude of change at the peripheral site in the present study was lower 
compared to Steinback et al., (2004).18 This may be due to the moderate postural stimulus 
used in the present study. We employed a postural stimulus that involved passively 
moving each participant into a seated-recumbent position at an angle of 50° with their 
back supported and legs extended, while Steinback used 60° HUT. Therefore, the 
difference in stimulus likely accounts for the magnitude difference between studies. 
BRS is determined by relating the change in HR for a given change in pressure, 
whereby a greater change in HR for a given change in pressure is associated with a 
greater sensitivity and better autonomic regulation.30 Two important components of BRS 
are the mechanical and neural components. The mechanical component relates the change 
in arterial distension (typically measured at the CCA) to a given change in SBP (typically 
measured at the finger).15, 27 Distension is important for baroreceptor activation and 
reflects local arterial stiffness. The neural component can be determined by relating the 
change in HR for a given change in distension.15, 27 Several groups have effectively 
quantified the individual components to examine their independent effects on BRS in 
response to orthostatic stress.26, 27 However, these past studies relate SBP recorded from 
the finger to CCA distension, which may not reflect local pressure at the CCA. 
Consequently, this may not accurately reflect the impact of the arterial mechanical 
component on BRS. A study by Kornet et al., (2002)31 highlighted this point by 
demonstrating that distension rate measured at the CCA is a better predictor of RRI 
variability than SBP measured peripherally.   
Another important finding of the present study was that PPCS was greater than 
Ph.D. Thesis – D. Chirico; Brock University – Health Biosciences 
	   132 
PPCCA in the supine position (Figure 6-1) suggesting possible differences in elastic 
properties between the two arterial sites, although the relative change in response to SR 
posture did not differ between the CCA and CS (Figure 6-2). This may have important 
implications for the impact of arterial mechanical properties on BRS. As previously 
mentioned, baroreceptors are densely localized in the body of the CS, just distal to the 
bifurcation. As well, CS nerve connections have been shown to terminate at the level of 
the CS.19, 20 This location appears to be more susceptible to atherosclerotic lesions and 
increases in stiffness compared to the CCA.32-34 Due to the difficulty in obtaining 
ultrasound images of the CS, and the possibility of the ultrasound probe and tonometer 
causing baroreceptor activation, the CCA has been used as a surrogate for the CS.12-15, 35 
However, it may be useful to examine the mechanical properties of the CS when 
assessing the impact of arterial mechanical properties on BRS. This is of importance for 
children and adolescents as the CS has been shown to exhibit maturational changes, 
whereby the root of the CS increases in size during adolescence compared to the CCA.36 
Future research should explore the role of CS distensibility on BRS in comparison to 
CCA distensibility in children and adolescents.  
 The use of continuous finger arterial pressure recordings has been shown to be an 
accurate representation of intra-arterial brachial pressure.37, 38 The peripheral arteries are 
subject to pressure amplification compared to central arteries21, 22 and the difference 
increases with increased HR and MAP.17 Pressure amplification in peripheral arteries 
explains the greater PP found in the CS compared to the CCA, and the finger compared to 
the CCA and CS. It is important to note that PP measured using hand-held tonometry 
(Millar) has demonstrated lower values compared to other non-invasive and invasive 
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methods measured at the same site.18, 25 This may explain the differences detected 
between the finger and the CCA and CS in the present study. However, as previously 
suggested, this would not affect the relative change in PP seen in the present study in 
response to SR posture.18 More importantly, this would not affect the difference detected 
between the CCA and CS in the supine position, as the same device (Millar) was used for 
both. Additionally, the ability of the Millar to track PP over a wide pressure range has 
been demonstrated.18, 39 Therefore, the difference in PP responses between the peripheral 
and central arteries may have important implications for the evaluation of arterial 
properties.6, 17  
 Limitations: According to the theory of applanation tonometry, when the wall of 
an artery is flattened (applanated) by the probe, the contact pressure between the probe 
and the wall is equal to intra-arterial pressure.29 This method is subject to hold down 
pressure which can provide inaccurate absolute BP values. Furthermore, pressure values 
obtained with this technique can be affected by the amount of neck tissue, as well as 
breathing artifact.40 In an attempt to address these measurement issues, calibration 
techniques have been used to adjust tonometric values obtained at the CCA to brachial 
pressures.25, 29, 41 This was not employed in the present study due to the fact that adjusted 
carotid pressures mirrored brachial pressures, implying no pressure amplification 
between the carotid and brachial arteries. O’Rourke and colleagues have recently 
questioned the use of this calibration technique.42, 43  
Although there is no direct guide to indicate optimal applanation, it is believed 
that this occurs when the operator adjusts the hold-down force so that the waveform has a 
stable baseline, maximum amplitude, and a reasonable configuration.29 This is sometimes 
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difficult to achieve and hence, a training period was implemented to obtain reasonable 
carotid waveforms. Furthermore, careful attention was given to accurately detect 
maximum and minimum pressures free of artifact.   
 In summary, the findings of the present study demonstrated differences in PP 
measured at the CCA, CS, and finger in children and adolescents. Furthermore, these 
measurement sites responded differently to a posture stimulus where PPFinger decreased in 
response to SR posture, while PPCCA and PPCS did not change. These findings have 
important implications for the measurement of local arterial distensibility in supine and 
upright posture, and its impact on BRS in children and adolescents.  
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Abstract 
Background: Several studies have examined the relationship between common carotid 
artery (CCA) distensibility and baroreflex sensitivity (BRS) in response to posture 
change in adults, but no such study exists in children and adolescents. Furthermore, no 
study has assessed the relationship between carotid sinus (CS) distensibility and BRS in 
response to a postural stimulus. Therefore, we tested the hypotheses that a change in BRS 
in response to posture change is associated with a change in arterial mechanical 
properties, and the CS is a better predictor of this change than the CCA.  
Methods and Results: Twelve children and adolescents (4 males and 8 females) between 
11.4-17.4 years of age were included in this study. Ultrasound sonography and 
applanation tonometry were used to determine the distensibility coefficient (DC) at the 
CCA (DCCCA) and CS (DCCS) in the supine and seat-recumbent (SR) positions. As well, 
beat-by-beat blood pressure (BP) and R-R interval (RRI) were collected in the supine and 
SR positions in order to determine BRS. BRS was assessed by transfer function analysis 
in the low frequency range (0.05–0.15Hz). The results demonstrated that DCCCA and 
DCCS were not different in supine and were significantly correlated (r=0.618, p=0.032). 
However, in response to SR there was a significant decrease in DCCS (10.3 ± 2.9 vs. 8.1 ± 
1.7 mmHg-1 x 10-3, p=0.001), but not DCCCA (10.3 ± 2.7 vs. 9.5 ± 2.1 mmHg-1 x 10-3, ns). 
Furthermore, regression analyses revealed that the relative change in BRS in response to 
SR was significantly correlated to the relative change in DCCS (B=1.81, R2=0.573, 
p=0.004), but not DCCCA (B=-0.077, R2=0.002, p=0.892).  
Conclusion: The findings of the present study indicate that the CCA and CS respond 
differently to posture change in children and adolescents, and the relative change in BRS 
is correlated with that of the DCCS, not DCCCA. Therefore, the CS appears to be more 
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Introduction 
 
Arterial baroreceptors are stretch sensitive receptors that respond to mechanical 
deformation. Baroreceptors, which are located in the carotid sinus (CS) and aortic arch, 
regulate blood pressure (BP) on a beat-by-beat basis.1 Baroreceptors respond to increases 
in pressure such that an increase in pressure causes an increase in baroreceptor firing. 
Changes in arterial baroreceptor afferent discharge are transmitted to the nucleus of the 
solitary tract (NTS), via the glossopharyngeal nerve.2 This triggers reflex adjustments in 
R-R interval (RRI) and vascular resistance that buffer or oppose changes in BP: a rise in 
pressure elicits reflex parasympathetic activation and sympathetic inhibition resulting in a 
decrease in HR and vascular resistance.1 Cardiovagal baroreflex refers to the reflex 
adjustments in RRI for a given change in systolic BP (BP).  
Baroreceptor activity is linked to the mechanical properties of the tissues to which 
they are bound.3 Landgren et al., (1952)4 demonstrated a relationship between CS 
diameter and baroreceptor nerve activity. This data showed that baroreceptor firing is 
proportional to changes in CS diameter. Therefore, the ability of an artery to distend in 
response to increased pressure plays an important role in baroreceptor activity. As a 
result, arterial distensibility is an important determinant of the magnitude of baroreceptor 
deformation, and baroreflex function.4, 5  
Cardiovagal baroreflex function relies on two important components, which can 
be delineated into a mechanical (arterial) and neural component.6 The mechanical 
component represents the vascular properties of the artery and is responsible for 
baroreceptor activation. It is quantified as the change in diameter for a given change in 
pressure. The neural component, which is quantified by the change in RRI to a given 
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change in diameter, reflects the neural transduction of arterial stretch into vagal outflow.6 
Hence, integrated cardiovagal baroreflex sensitivity (BRS) is defined as a change in RRI 
for a given change in pressure (ms/mmHg). 
Using a variety of methodologies, several investigators have evaluated the 
individual components and related them to changes in BRS.6-12 Monahan found that 
common carotid artery (CCA) compliance was strongly correlated with age in healthy 
adults, and increased CCA compliance with exercise was associated with improved 
cardiovagal BRS.9 Kornet et al., (2002)13 further suggested that distension and relative 
distension were the best predictors of RRI and may be better for evaluating BRS. These 
findings are supported by others11, 14, 15 and emphasize the importance of arterial 
distensibility on BRS. Conversely, others have suggested that the neural component plays 
a more important role in BRS alterations.7, 10, 12 A study by Lenard et al., (2004)16 
extended the assessment of CCA distensibility and BRS to children and adolescents with 
respect to age and found that BRS increased with age, while CCA distensibility 
decreased. Additionally, we have demonstrated that alterations in BRS with maturation 
are not related to CCA distensibility in children and adolescents (Chapter 5). Taken 
together, these findings suggest that change in BRS with aging and maturation in children 
and adolescents is associated with neural alterations, which is consistent with aging 
adults.7  
Diminished cardiovagal baroreflex function has been observed in response to 
orthostatic stimuli such as head-up tilt (HUT).10, 11, 15, 17 The mechanism for decreased 
BRS is unknown; however, investigators have evaluated the mechanical and neural 
components of BRS in order to elucidate a mechanism. While some studies have 
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attributed reduced BRS to arterial changes of the CCA,11, 15 others have attributed 
reduced BRS in response to orthostatic stress to reductions in the neural component.10 
Although BRS is diminished in response to postural stimuli in children and adolescents 
as well,18 the relationship between arterial distensibility and BRS in response to a 
postural stimulus has not been evaluated.  
The lack of relationship between arterial distensibility and BRS reported in 
previous studies may be a result examining arterial distensibility at the CCA, rather than 
the CS, where baroreceptors are densely localized.19 Furthermore, it has been shown that 
central and peripheral pulse pressure (PP) vary in their responses to orthostatic stress,20 
(Chapter 6) and that CS PP is greater than CCA PP in children and adolescents (Chapter 
6). Therefore, it may be advantageous to examine the relationship between CS 
distensibility and BRS in response to a postural stimulus. This is further supported by 
findings from Van Merode et al., (1993)21 who showed that changes in CS distensibility 
occur prior to changes in CCA distensibility in borderline hypertensive, and aging 
adults.21 This suggests heterogeneity in distensibility changes between the CS and CCA. 
Moreover, it has been shown that the proximal portion of the internal carotid artery 
(ICA), where baroreceptors are located, demonstrates significant growth during 
adolescence compared to the CCA.22 Therefore, it is reasonable to believe that the 
response of the CS may differ compared to the CCA and may have a more influential role 
on BRS. Hence, the purpose of this study was to examine the relationship between CS 
and CCA distensibility and BRS in response to a postural stimulus in children and 
adolescents. It was hypothesized that a change in BRS in response to posture change is 
associated with a change in arterial mechanical properties, and that the CS is a better 
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predictor of this change than the CCA. A moderate posture stimulus was utilized by 
passively moving children from a supine to a seated-recumbent (SR) position with their 




A subsample of 18 participants from Chapter 5 was tested for this study. Of those, 
12 participants were able to complete the entire protocol in which adequate data 
collection occurred. Two participants were excluded due to medications, one additional 
participant could not complete the upright posture protocol, and the remaining three were 
lost due to inadequate carotid sinus image quality. In all, 4 boys and 8 girls were included 
in the final sample (mean age 14.4 ± 2.1 years). Participants were scheduled for one, two-
hour appointment at the Human Hemodynamic Laboratory at Brock University. They 
were asked to fast four-hours prior to their appointment and to avoid vigorous physical 
activity, smoking, and caffeine 12-hours prior to their appointment. The Brock University 
Research Ethics Board approved this study.  
Experimental Protocol 
 
Upon arrival to the laboratory, the parent/guardian(s) of the participants provided 
informed written consent if the participant was underage, and the participant provided 
assent. Information was collected on medical conditions and/or medications. Following 
this, height and body mass were collected. Participants then began the cardiovascular 
assessment. First, they were asked to lie supine for a period of 15 minutes to allow BP 
and heart rate (HR) to reach baseline levels. Four initial manual BPs were measured and 
the last three were averaged. Beat-by-beat data collection began and continued for at least 
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five minutes while the subject continued to rest in a dim, quiet, and temperature 
controlled setting. Following the five-minute baseline collection, ultrasound sonography 
and tonometry were completed for the CCA and the CS. Participants were then passively 
seated in a recumbent (SR) upright position at an angle of 50° with their back supported 
and legs extended, while their finger remained at heart level. After a five-minute 
stabilization period, all measurements completed in the supine position were repeated.  
Experimental measures  
Anthropometry 
 
All anthropometric measurements were performed in a private room with the 
option of having the parent/guardian(s) present. Body mass index (BMI) was calculated 
using height and body mass (kg/m2). Standing height (cm) was measured using a 
stadiometer (Stat 7X, Ellard Instrumentation 50 Ltd Monroe, WA, USA) with the 
participants’ shoes removed and recorded to the nearest 0.1 cm. Body mass (kg) was 
measured using a digital scale (BWB-800S, Tanita Digital Scale, Tokyo, Japan) and 
recorded to the nearest 0.1 kg.  
Sexual Maturation  
 
Secondary sex characteristics were assessed using the criteria of Tanner.23, 24 To 
classify subjects into their maturation grouping, pubertal maturation was self-reported 
using pictures of the Sexual Maturation Scale by Tanner taken from Taylor et al (2001).25 
To reduce embarrassment, each subject completed the self-assessment in a private room 
with the option of having their parent(s) present. Pubertal maturation was categorized 
based on self-assed pubic hair as it has been shown to have better agreement with 
physical examination by a physician compared to breast/genitalia development.25 
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Participants were organized into their maturation groups based on the following: pre-
pubertal (Pre, Tanner stage 1), early-pubertal (Early, Tanner stage 2), peri-pubertal (Peri, 
Tanner 3), late-pubertal (Late, Tanner 4), and post-pubertal (Post, Tanner 5 & 6). 
Blood Pressure  
 
Auscultation is the recommended method of BP measurement in children.26 
Participants lied supine with their arm resting at heart level for 15 minutes. In both the 
supine and SR positions, BP was measured four times using a non-invasive, standard 
inflatable cuff and a sphygmomanometer placed on the right arm. The last three were 
recorded and averaged to determine systolic BP (SBP), diastolic BP (DBP), and mean 
arterial pressure (MAP). A stethoscope was placed over the brachial artery pulse, below 
the bottom edge of the cuff (2 cm above the cubital fossa). Correct measurement of BP 
requires an appropriate sized cuff; each child was fitted with either a pediatric or adult 
cuff based on arm size.26 MAP was calculated using the formula MAP = 1/3·SBP + 
2/3·DBP. 
Beat-by-beat RRI and BP 
 
Following 15 minutes of supine rest, five minutes of beat-by-beat RRI and BP 
data were collected simultaneously. Beat-by-beat BP (SBP and DBP) was collected using 
photoplethysmography (Nexfin, BMEYE, Amsterdam, The Netherlands) from the middle 
finger of the left hand. Since BP taken at the finger slightly differs from that taken at the 
arm, the average manual BPs taken at the beginning of the beat-by-beat recording were 
used to adjust the beat-by-beat values collected simultaneously with 
photoplethysmography. Pulse pressure from the finger (PPFinger) was calculated as the 
difference between SBP and DBP for a peripheral measure of PP. RRI was collected 
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using a standard single-lead electrocardiogram. Both BP and RRI were sampled at a rate 
of 1000 Hz, providing a basic resolution of 1 millisecond (ms). These beat-by-beat data 
were then used for BRS analysis. HR was calculated by dividing RRI (sec) into 60.  
Carotid Sonography and Tonometry  
 
Arterial images were obtained using high-resolution ultrasound sonography 
(Vivid q, GE Medical Systems, The Netherlands). Three 2-dimensional B-mode images 
were recorded over five cardiac cycles at a frame rate of 37 frames/sec using a 12MHz 
linear array transducer, for offline analysis. Two of the best quality images were used for 
determining arterial diameter (AD) measurements in systole and diastole. Three cardiac 
cycles were chosen for each of the two images. Carotid sonography was completed for 
the CCA 1-2cm proximal to the bifurcation, as well as the CS at the proximal portion of 
the ICA distal to the carotid bifurcation. The proper protocols and techniques for 
standardized carotid ultrasound were employed as recommended.27, 28  
In addition, simultaneous applanation tonometry was used to non-invasively 
determine left CCA PP (PPCCA) and CS PP (PPCS). A hand-held tonometer (Millar 
Instruments, Houston Texas) was used to manually obtain pressure waveforms from the 
left CCA and CS. The transducer was calibrated with an external device utilizing a two-
point calibration system. The pressure wave obtained is very similar to that recorded 
within the artery.29, 30 Since the pressure required to applanate the artery and compress the 
overlying structures varies, the absolute values of systolic and diastolic pressure are not 
reliable, but the amplitude (PP) can be determined reliably.20 Accuracy of the Millar 
devices at the sites of the carotid and radial arteries has been established.29, 30 In order to 
obtain an acceptable waveform the criteria outlined by Chen et al., (1996)30 were 
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followed so that the operator adjusted the hold-down pressure so that acceptable 
waveforms had a stable baseline, maximum amplitude, and a reasonable configuration. 
Tonometry was completed for both the CCA and the CS in both the supine and SR 
position. The same researcher completed all image and tonometric acquisition, as well as 
analysis.  Sample ultrasound images and corresponding pressure waveforms for the CCA 




Beat-by-beat data were sampled at 1000 Hz using an online data analysis and 
acquisition system (Powerlab and Chart 7 PRO, ADInstruments). Data were saved for 
offline analysis and scanned to ensure that it was free from ectopic beats. Matlab 
(Mathworks, R2012b) was used to resample the data using the mean cardiac frequency to 
obtain an equal interval between samples. A low-pass Butterworth filter set to 0.95 Hz 
was used and the data was detrended. For transfer function analyses, Fast Fourier 
Transform (FFT) was used with the Welch method and Hanning window, with the 
window size set to one-fourth of the signal length with one-half overlap. LF area was set 
to 0.05-0.15 Hz. Mean transfer function gain was used to determine BRS for the LF 
region using a coherence ≥0.5. 
Arterial Distensibility 
 
Three maximum (systolic) and minimum (diastolic) diameters were measured for 
three cardiac cycles per image, using edge-detection software software (Artery 
Measurement System II, Image and Data Analysis) in a specified region of interest (ROI). 
The software identifies the artery wall within the ROI based on the contrast of brightness 
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and intensity between the wall and lumen. Arterial diameter was measured at the leading 
edge of adventitial-medial border of the near wall to the medial-adventitial border of the 
far wall. Diameters were measured at the level of the CCA and CS. The landmark for 
measurements at the CCA was 2cm proximal to the carotid bifurcation. The CS was 
landmarked at the proximal root of the ICA, just distal to the carotid bifurcation.  
Arterial distensibility coefficient (DC) was calculated at the CCA (DCCCA) and 
CS (DCCS) using the standard equation:31-33 
DC (mmHg-1 x 10-3) = (ΔCSA) / (PP · CSAmin) (1) 
Cross-sectional area (CSA) was calculated as CSA = πr2, where r = diameter/2 for AD. 
Distension (ΔCSA) was calculated as ΔCSA= CSAmax – CSAmin. PP was taken as the 
pressure increase from diastole to systole (PP= Ps – Pd) averaged from 10-15 cardiac 
cycles using applanation tonometry for CCA (PPCCA) and CS (PPCS). Strain (%) was 
calculated as strain (%) = ΔCSA/CSAmin for both the CCA (StrainCCA) and CS (StrainCS).  
Statistical Analysis 
 
All statistical analyses were completed using SPSS software (IBM SPSS Statistics 
20). Descriptive statistics of demographic, anthropometric, and cardiovascular variables 
are expressed as mean ± standard deviation (SD) for continuous variables and as 
frequencies for categorical variables. The level of significance was set to p<0.05 (two-
tails). Chi-square was used to test the difference in proportion of males and females in the 
sample.  
Paired t-tests were used to compare differences in arterial properties between the 
CCA and CS, and to test the effect of the posture stimulus on arterial properties, as well 
as BRS. Pearson’s correlation was used to examine the relationship between strain, PP, 
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and DC measured at the CCA and CS for supine. Relative change variables were created 
for systolic and diastolic diameters, strain, PP, and DC, for both the CCA and CS, as well 
as for BRS. Differences in responses to the SR posture between the CCA and CS were 
determined using paired t-tests for systolic and diastolic diameters, strain, PP, and DC. 
Pearson’s correlation was used to examine the relationship between relative change in 
strain, PP, and DC for the CCA and CS. Furthermore, regression analysis was used to 
examine the relationship between relative change in BRS (ΔBRS) and relative change in 
DCCCA (ΔDCCCA), StrainCCA (ΔStrainCCA), DCCS (ΔDCCS), and StrainCS (ΔStrainCS). The 
known effects of maturation and sex on BRS(Chirico)18 were controlled for in regression 
analyses. Three models were created: Model 1 included ΔBRS as the dependent and one 
of the arterial properties for CCA and CS (ΔDC, ΔStrain, and ΔPP) as the independent 
variable. Model 2 controlled for sex, and Model 3 controlled for maturation.    
All variables were normally distributed in the supine and SR positions. Change 
variables were used to test the assumption of normality for paired. Only relative change 
in StrainCCA was not normally distributed. Log transformation and nonparametric testing 
did not change the results for StrainCCA.   
Results 
 
Twelve participants were included in the study (4 males and 8 females) ranging 
from 11.4-17.4 years of age. The distribution of males and females was not different (χ2 
=1.33, df=1, ns). Further demographic and anthropometric data are presented in Table 7-
1. The cardiovascular responses to SR posture are presented in Table 7-2.  Compared 
with supine, DBP (p<0.001), MAP (p<0.001) and HR (p<0.01) increased in the SR 
posture.   
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Table 7-1. Participant demographic and anthropometric 
information 
N 12 
Age (years) 14.4 ± 2.1 
Sex (% male) 33% 
Height (cm) 164.3 ± 13.1 















Mean ± SD. BMI=body mass index. Pre=pre-pubertal, Early=early-
pubertal, Peri=peri-pubertal, Late=late pubertal, and Post=post-pubertal.  
 
 
Table 7-2. Cardiovascular responses from supine to seated-recumbent 
 Supine SR 
SBP (mmHg) 109 ± 8  109 ± 10 
DBP (mmHg) 60 ± 6 71 ± 4τ 
MAP 76 ± 5 84 ± 4τ 
HR (beats/min) 68 ± 10 73 ± 11* 
Mean ± SD. SR=seat-recumbent, SBP=systolic blood pressure; DBP=diastolic blood 
pressure; MAP=mean arterial pressure; HR=heart rate. Note: Paired T-test used to 
compare supine versus seated-recumbent *p≤0.01, τp≤0.001 
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CCA and CS arterial properties in supine and SR postures 
 
Table 7-3 presents the means and SD for arterial properties at the CCA and CS in 
both the supine and SR position. There were no differences between systolic (-0.20 ± 
0.76 mm, t(11)=-0.91, p=0.384 )  and diastolic (-0.11 ± 0.63 mm, t(11)=-0.58, p=0.576 ) 
diameters between the CCA and CS in supine. Furthermore, Strain (-2.9 ± 7.4 %, t(11)=-
1.37, p=0.197 ), PP (-4 ± 9.0 mmHg, t(11)=-1.60, p=0.139), and DC (-0.04 ± 2.5 mmHg-1 
x 10-3, t(11)=-0.05, p=0.959) values also did not differ between the CCA and CS in the 
supine position. Pearson’s correlation demonstrated a significant relationship between 
DCCCA and DCCS, but not for StrainCCA and StrainCS or PPCCA and PPCS (Table 7-4). 
CCA systolic (0.36 ± 0.16 mm, t(11)=7.91, p<0.001) and diastolic (0.37 ± 0.16 
mm, t(11)=7.80, p<0.001) diameters decreased in the SR position, while StrainCCA (-2.0 ± 
4.4%, t(11)=-1.6, p=0.138) and DCCCA (0.8 ± 2.2 mmHg-1 x 10-3, t(11)=1.23, p=0.244) 
remained unchanged (Table 7-3). CS systolic (0.50 ± 0.18 mm, t(11)=9.48, p<0.001) and 
diastolic diameters (0.34 ± 0.20 mm, t(11)=5.83, p<0.001), StrainCS (4.5 ± 5.0%, t(11)=3.13 
p=0.01), and DCCS (2.3 ± 1.9 mmHg-1 x 10-3, t(11)=4.21, p=0.001) decreased in the SR 
posture. PPCCA increased (-5 ± 4 mmHg, t(11)=-4.12, p=0.002), PPFinger decreased (12 ± 7 
mmHg, t(11)=8.18, p<0.001), and PPCS did not change (-2. ± 5 mmHg, t(11)=-1.49, 
p=0.165) from supine to SR.   
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Table 7-3. Arterial responses from supine to seated-recumbent 
 Supine SR  
sDCCA (mm) 6.49 ± 0.53 6.13 ± 0.45τ 
dDCCA (mm) 5.72 ± 0.51 5.36 ± 0.45τ 
StrainCCA (%) 29.1 ± 8.7 31.1 ± 6.9 
PPCCA (mmHg) 29 ± 6 33 ± 5* 
DCCCA (mmHg-1 x 10-3) 10.3 ± 2.7 9.5 ± 2.1 
sDCS (mm) 6.69 ± 1.02 6.20 ± 0.93τ 
dDCS (mm) 5.83 ± 0.90 5.49 ± 0.84τ 
StrainCS (%) 32.0 ± 6.0 27.5 ± 5.0*  
PPCS (mmHg) 33 ± 9 35 ± 7 
DCCS (mmHg-1 x 10-3) 10.3 ± 2.9 8.1 ± 1.7τ 
PPFinger (mmHg) 51 ± 11 39 ± 11τ 
BRS (ms/mmHg) 18.5 ± 9.2 17.1 ± 6.9 
Mean ± SD. sDCCA=common carotid systolic diameter; dDCCA=common carotid diastolic 
diameter; StrainCCA=common carotid strain; PPCCA=common carotid pulse pressure; 
DCCCA=common carotid distensibility coefficient; sDCS=sinus systolic diameter; dDCS=sinus 
diastolic diameter; StrainCS=sinus strain; PPCS=sinus pulse pressure; DCCS=sinus distensibility 
coefficient; PPFinger=finger pulse pressure. Note: Paired t-test used to compare supine versus 
seated-recumbent *p≤0.01, τp≤0.001 
 
 
Table 7-4. Pearson’s correlations of arterial properties of the 
common carotid artery compared to the carotid sinus 
Supine r p-value 
     Strain (%) 0.547 0.066 
     PP (mmHg) 0.337 0.284 
     DC (mmHg-1 x 10-3) 0.618 0.032 
SR    
     ΔStrain (%) 0.035 0.914 
     ΔPP (%) 0.163 0.613 
     ΔDC (%) 0.353 0.260 
PP=pulse pressure; DC=distensibility coefficient; SR=seated-recumbent; 
ΔStrain (%)=relative change in strain; ΔPP (%)=relative change in pressure; 
ΔDC (%)=relative change in distensibility coefficient 
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Figure 7-1 illustrates the differences in responses between the CCA and CS to SR 
posture. There was no significant difference in response between the CCA and CS for 
systolic (2 ± 3%, t(11)=2.10, p=0.06) and diastolic (-1 ± 5%, t(11)=-0.50, p=0.683) 
diameters, or PP (8 ± 22, t(11)=1.27, p=0.231;Figure 7-1A-C). There was a significant 
difference in response for Strain (23 ± 24%, t(11)=3.34, p=0.007) and DC (14 ± 20, 
t(11)=2.46, p=0.032; Figure 7-1D and E). Furthermore, Pearson’s correlation of the 
relative change in DC, Strain, and PP between the CCA and CS are presented in Table 7-
4. There were no significant correlations between the CCA and CS for any of these 
variables. 
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Figure 7-1 
Comparison between the common carotid artery (CCA, black bars) and carotid sinus (CS, 
white bars) of the relative change in response to seated-recumbent posture for A) systolic 
diameter; B) diastolic diameter; C) Pulse pressure (PP); D) Strain; and E) distensibility 
(DC). Values are present as mean ± SD. Note: *significantly different from CCA 
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BRS response to SR postural stimulus 
 
There was no change in BRS (1.5 ± 4.7 ms/mmHg, t(11)=1.07, p=0.306) in 
response to the SR posture (Table 7-3). Upon closer examination it was apparent that 
children and adolescents varied in response to SR. In 42% (5/12) BRS increased (Positive 
Responders, [PR]) in response to the SR posture, while 58% (7/12) decreased (Negative 
Responders, [NR]). The results are illustrated in Figure 7-2. In the NR group BRS 
decreased (4.3 ± 4.1ms/mmHg, t(6)=2.78, p=0.032), while in the PR group BRS increased 
in the SR posture (-2.5 ± 1.5 ms/mmHg, t(4)=-3.81 p=0.019). Supine BRS was not 
significantly different between the NR and PR groups (21.3 ± 8.3 vs. 14.6 ± 9.9 
ms/mmHg, t(10)=1.26, p=0.235). A low power (β=0.21) to detect a difference may 
account for this, as the effect size was moderate (0.73). Therefore, due to the large 
differences in BRS values and varying responses between individuals a relative change 
variable was used to examine the relationship between arterial distensibility, strain, PP, 
and BRS in response to SR.  
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Figure 7-2 
Baroreflex sensitivity responses to seated-recumbent (SR) posture in positive responders 
(PR) and negative responders (NR). Values presented as mean ± SD. Note: *Paired t-test 































*	   *p=0.032 p=0.019 
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CCA Distensibility, Strain, PP and BRS 
 
Regression analysis demonstrated that relative change in DCCCA (Figure 7-3A) 
was not associated with relative change in BRS (B=-0.077, R2=0.002, p=0.892). 
Moreover, relative StrainCCA change (B=-0.194, R2= 0.01, p=0.752) was not related to 
relative change in BRS (Figure 7-3B). Additionally, relative change in PPCCA (B=-0.142, 
R2=0.004, p=0.839) was not a significant predictor of relative change in BRS. Results 
remained the same after controlling for sex and maturation.  
DCCCA was also examined by replacing PPCCA with PPFinger to compare to 
previous studies. The relationship between relative change in BRS and relative change in 
DCCCA remained unrelated (B=-0.453, R2=0.033, p=0.573).  
CS Distensibility, Strain, PP and BRS  
 
 Relative change in DCCS (Figure 7-4A) correlated significantly with relative 
change in BRS (B=1.807, R2=0.573, p=0.004). Furthermore, relative change in StrainCS 
(Figure 7-4B) was correlated with relative change in BRS (B=1.597, R2=0.483, p=0.012).  
Relative change in PPCS (B=-0.077, R2=0.002, p=0.892) was not correlated with relative 
change in BRS. Results remained the same after controlling for sex and maturation.   
 When PPFinger was used to replace PPCS for distensibility calculation, relative 
change in DCCS was no longer related to relative change in BRS (B=0.586, R2= 0.192, 
p=0.154).  
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A) Regression analysis of the relative change in baroreflex sensitivity (BRS) on the 
relative change in common carotid distensibility (DCCCA); B) Regression analysis of the 
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A) Regression analysis of relative change in baroreflex sensitivity (BRS) on relative 
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Discussion 
 
This was the first study to examine the relationship between arterial properties 
and BRS in response to posture in children and adolescents. This was also the first study 
to compare arterial properties between the CCA and CS and their relationship to BRS. 
The novel finding of the present study was that the relative change in BRS in response to 
a moderate postural stimulus was correlated with the relative change in DCCS (r=0.757) 
and StrainCS (r=0.695). Furthermore, DC and Strain responded differently in response to 
the postural stimulus in the CS compared to the CCA. Overall, the present data indicate 
that DCCS and StrainCS play an important role in baroreflex regulation in children and 
adolescents. These findings support the hypothesis of the importance of arterial properties 
on BRS in response to a postural stimulus and highlight the value of assessing arterial 
properties of the CS over the CCA.  
Few studies have examined the effect of orthostatic stress on BRS in children and 
adolescents. Dietrich et al., (2006)18 found that active standing decreased BRS 
significantly in boys and girls (age range 10-13 years).  In comparing our BRS values 
with theirs in the supine position, ours are slightly higher which may be expected given 
the difference in age range. Our BRS values in the supine position are in line with those 
of a similar age range from Lenard et al., (2004)16. Discrepancies may be attributed to 
differences in maturation for children and adolescents of the same age range, as well as 
slight differences in methodologies in determining BRS. Dietrich found a more 
pronounced decrease in BRS in response to active standing. The reason for this may be 
the strength of the stimulus, as active standing provides a considerably greater stimulus 
than a 50° SR posture. However, the HR and BP responses to SR in the present study are 
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in line with studies in adults demonstrating an increase in HR and DBP, and no change in 
SBP.15, 34 
The response to SR varied among participants with some demonstrating a 
decrease in BRS, while others demonstrated an increase. This observation is consistent 
with previous studies that have found BRS to decrease,10, 11, 15, 17, 35 remain unchanged, 34 
or increase36 in response to orthostatic stress. When the data were split by NR and PR 
both groups demonstrated strong positive correlations between relative change in BRS 
and relative change in DCCS (data not shown). Elucidating a mechanism to the 
heterogeneity in BRS responses is beyond the scope of this study. Previous reports 
suggest that an interaction between the cardiopulmonary and arterial baroreceptors may 
be responsible for augmented cardiovagal BRS.36-40 It is possible that the PR had 
selective unloading of the cardiopulmonary baroreflex, which resulted in augmented 
vagal functioning in response to the postural stimulus as a result of eliminating an 
inhibitory effect of the cardiopulmonary baroreflex on the arterial baroreflex.39 
Additionally, unloading cardiopulmonary baroreceptors increases SNS activity,37 which 
may enhance baroreceptor sensitivity. A study by Landgren (1952)4 found that increased 
sympathetic stimulation to the carotid sinus in experimental preparations enhanced 
baroreceptor sensitivity.  
The importance of arterial mechanics on cardiovagal BRS has been demonstrated 
in adults.13, 14 O’Leary et al., (2005)14 showed that increased distension of the CCA in 
response to phenylephrine was associated with increased cardiovagal BRS. Additionally, 
Kornet et al., (2002)13 demonstrated that relative distension of the CCA was a better 
predictor of RRI variability than peripheral PP. This concept also applies to findings of 
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diminished BRS in response to orthostatic stress in adults, which has been attributed to 
reductions in the arterial mechanical component.11, 15 In contrast, a recent study by Taylor 
et al., (2013)10 found that a decrease in BRS in response to orthostatic stress was a result 
of reductions in the neural component. Disparities in findings have been linked to the 
methodological differences used to determine BRS and its components.10 An additional 
limitation is the method in which the arterial mechanical component is quantified. 
Previous studies have evaluated the arterial component by examining the CCA and using 
peripheral BP.6, 7, 10, 11 Carotid baroreceptors have been localized to the medial portion of 
the CS, distal to the carotid bifurcation.19 These receptors are innervated by the carotid 
sinus nerve, which has been shown to insert loosely onto the ICA, ending at the level of 
the carotid bifurcation.41 Moreover, it has been shown that peripheral PP does not reflect 
central PP responses to HUT;20 a finding we have extended to children and adolescents in 
the SR position (Chapter 6). In addition, we found PPCS to be greater than PPCCA. 
Therefore, examining the CS directly may provide a better representation of the 
importance of arterial mechanics on BRS. One study demonstrated that alterations in CS 
distensibility occur prior to that of the CCA with aging and borderline hypertension,21 
and another study found a positive correlation between CS distensibility and BRS at rest 
(r=0.7, p<0.01) and in response to phenylephrine (r=0.72, p<0.01), in adults.42 This is 
particularly important in children and adolescents as the CS demonstrates growth during 
adolescence, whereas the CCA does not.22 In the present study CCA distensibility did not 
differ from CS distensibility in supine, but their responses to the SR posture were 
different. Furthermore, the relative change in DCCS was a significant predictor of the 
relative change in BRS. Hence, examining the CCA alone would have provided 
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erroneous conclusions to the relationship between arterial mechanics and BRS in 
response to a postural stimulus. To further emphasize the importance of measurement 
site, distensibility measures were also determined using PPFinger in lieu of PPCS and 
PPCCA, as used in previous studies. Although results did not change with respect to 
DCCCA, the relative change in DCCS in response to SR posture was no longer correlated 
with the relative change in BRS.  
In the present study relative change in StrainCS and DCCS explained 48% and 57% 
of the relative change in BRS, respectively. However, the role of aortic baroreceptors was 
not tested and its importance cannot be ignored. Previous studies have demonstrated that 
increased aortic stiffness, assessed by pulse wave velocity, is associated with decreased 
BRS.43, 44 Furthermore, one study examined the relationship between CS distensibility 
and aortic arch distensibility to BRS and determined that aortic distensibility was a more 
important predictor of BRS.45 Moreover, the present study did not quantify the effect of 
the neural component on BRS and its impact cannot be discounted.10  
Limitations: First, the use of a moderate postural stimulus in the present study 
may not have provided as strong of a stimulus in comparison to other studies.10, 15, 18 
However, it is believed that the stimulus was sufficient in children and adolescents as 
indicated by the significant changes in BRS and arterial mechanics associated with the 
stimulus. A seated posture has been used previously in adult studies.11 Secondly, this 
study assessed CS diameters and PP in order to determine distensibility. There is 
considerable technical skill required to image the CS due to anatomical variations of the 
carotid bifurcation. Also, the proximity of the CS to the jawline in young children and 
adolescents can interfere with the acquisition of images at this location. These anatomical 
Ph.D. Thesis – D. Chirico; Brock University – Health Biosciences 
	   164 
constraints explain the small sample size. Thirdly, caution must be taken when 
determining diameters of the CS due to its ellipsoid shape. Arterial diameters and 
distensibility have been shown to differ at various segments of the CS.21, 46 With this in 
mind, the authors used stringent criteria to consistently measure arterial diameters at the 
proximal portion of the ICA, just distal to the bifurcation. This was chosen based on the 
fact that baroreceptors are localized to this portion of the sinus.19, 41  
In conclusion, the findings of the present study highlight the importance of 
measuring CS distensibility when evaluating the relationship between arterial 
distensibility and BRS in response to a postural stimulus. Although measures of arterial 
properties between the CCA and CS were significantly correlated in the supine position, 
they varied significantly in their response to the SR posture. The present study 
demonstrated that the relative change in StrainCS and DCCS were significantly correlated 
to the relative change in BRS in response to a postural stimulus, whereas StrainCCA and  
DCCCA were not. These findings have important methodological implications in the 
assessment of the arterial mechanical component of the baroreflex.  
  
Ph.D. Thesis – D. Chirico; Brock University – Health Biosciences 
	   165 
References 
 
1. La Rovere MT, Pinna GD, Raczak G. Baroreflex sensitivity: Measurement and 
clinical implications. Ann Noninvasive Electrocardiol. 2008;13:191-207 
2. Dampney RA, Polson JW, Potts PD, Hirooka Y, Horiuchi J. Functional 
organization of brain pathways subserving the baroreceptor reflex: Studies in 
conscious animals using immediate early gene expression. Cell Mol Neurobiol. 
2003;23:597-616 
3. Eckberg DL, & Sleight, P. Human baroreflexes in health and disease / dwain l. 
Eckberg and peter sleight ; with a foreword by björn folkow. . Oxford : Clarendon 
Press, 1992.; 1992. 
4. Landgren S. The baroceptor activity in the carotid sinus nerve and the 
distensibility of the sinus wall. Acta Physiol Scand. 1952;26:35-56 
5. Chapleau MW, Cunningham JT, Sullivan MJ, Wachtel RE, Abboud FM. 
Structural versus functional modulation of the arterial baroreflex. Hypertension. 
1995;26:341-347 
6. Hunt BE, Fahy L, Farquhar WB, Taylor JA. Quantification of mechanical and 
neural components of vagal baroreflex in humans. Hypertension. 2001;37:1362-
1368 
7. Hunt BE, Farquhar WB, Taylor JA. Does reduced vascular stiffening fully explain 
preserved cardiovagal baroreflex function in older, physically active men? 
Circulation. 2001;103:2424-2427 
8. Monahan KD, Tanaka H, Dinenno FA, Seals DR. Central arterial compliance is 
associated with age- and habitual exercise-related differences in cardiovagal 
baroreflex sensitivity. Circulation. 2001;104:1627-1632 
9. Monahan KD, Dinenno FA, Seals DR, Clevenger CM, Desouza CA, Tanaka H. 
Age-associated changes in cardiovagal baroreflex sensitivity are related to central 
arterial compliance. Am J Physiol Heart Circ Physiol. 2001;281:H284-289 
10. Taylor CE, Willie CK, Atkinson G, Jones H, Tzeng YC. Postural influences on 
the mechanical and neural components of the cardiovagal baroreflex. Acta Physiol 
(Oxf). 2013;208:66-73 
11. Saeed NP, Reneman RS, Hoeks AP. Contribution of vascular and neural segments 
to baroreflex sensitivity in response to postural stress. J Vasc Res. 2009;46:469-
477 
12. Kornet L, Hoeks AP, Janssen BJ, Houben AJ, De Leeuw PW, Reneman RS. 
Neural activity of the cardiac baroreflex decreases with age in normotensive and 
hypertensive subjects. J Hypertens. 2005;23:815-823 
13. Kornet L, Hoeks AP, Janssen BJ, Willigers JM, Reneman RS. Carotid diameter 
variations as a non-invasive tool to examine cardiac baroreceptor sensitivity. J 
Hypertens. 2002;20:1165-1173 
14. O'Leary DD, Steinback CD, Cechetto AD, Foell BT, Topolovec JC, Gelb AW, 
Cechetto DF, Shoemaker JK. Relating drug-induced changes in carotid artery 
mechanics to cardiovagal and sympathetic baroreflex control. Can J Physiol 
Pharmacol. 2005;83:439-446 
Ph.D. Thesis – D. Chirico; Brock University – Health Biosciences 
	   166 
15. Steinback CD, O'Leary DD, Bakker J, Cechetto AD, Ladak HM, Shoemaker JK. 
Carotid distensibility, baroreflex sensitivity, and orthostatic stress. J Appl Physiol 
(1985). 2005;99:64-70 
16. Lenard Z, Studinger P, Mersich B, Kocsis L, Kollai M. Maturation of cardiovagal 
autonomic function from childhood to young adult age. Circulation. 
2004;110:2307-2312 
17. O'Leary DD, Kimmerly DS, Cechetto AD, Shoemaker JK. Differential effect of 
head-up tilt on cardiovagal and sympathetic baroreflex sensitivity in humans. Exp 
Physiol. 2003;88:769-774 
18. Dietrich A, Riese H, van Roon AM, van Engelen K, Ormel J, Neeleman J, 
Rosmalen JG. Spontaneous baroreflex sensitivity in (pre)adolescents. J 
Hypertens. 2006;24:345-352 
19. Toorop RJ, Ousrout R, Scheltinga MR, Moll FL, Bleys RL. Carotid baroreceptors 
are mainly localized in the medial portions of the proximal internal carotid artery. 
Ann Anat. 2013;195:248-252 
20. Steinback CD, O'Leary DD, Wang SS, Kevin Shoemaker J. Peripheral pulse 
pressure responses to postural stress do not reflect those at the carotid artery. Clin 
Physiol Funct Imaging. 2004;24:40-45 
21. Van Merode T, Brands PJ, Hoeks AP, Reneman RS. Faster ageing of the carotid 
artery bifurcation in borderline hypertensive subjects. J Hypertens. 1993;11:171-
176 
22. Seong J, Lieber BB, Wakhloo AK. Morphological age-dependent development of 
the human carotid bifurcation. J Biomech. 2005;38:453-465 
23. Marshall WA, Tanner JM. Variations in pattern of pubertal changes in girls. Arch 
Dis Child. 1969;44:291-303 
24. Marshall WA, Tanner JM. Variations in the pattern of pubertal changes in boys. 
Arch Dis Child. 1970;45:13-23 
25. Taylor SJ, Whincup PH, Hindmarsh PC, Lampe F, Odoki K, Cook DG. 
Performance of a new pubertal self-assessment questionnaire: A preliminary 
study. Paediatric and perinatal epidemiology. 2001;15:88-94 
26. National High Blood Pressure Education Program Working Group on High Blood 
Pressure in C, Adolescents. The fourth report on the diagnosis, evaluation, and 
treatment of high blood pressure in children and adolescents. Pediatrics. 
2004;114:555-576 
27. Urbina EM, Williams RV, Alpert BS, Collins RT, Daniels SR, Hayman L, 
Jacobson M, Mahoney L, Mietus-Snyder M, Rocchini A, Steinberger J, 
McCrindle B. Noninvasive assessment of subclinical atherosclerosis in children 
and adolescents: Recommendations for standard assessment for clinical research: 
A scientific statement from the american heart association. Hypertension. 
2009;54:919-950 
28. Laurent S, Cockcroft J, Van Bortel L, Boutouyrie P, Giannattasio C, Hayoz D, 
Pannier B, Vlachopoulos C, Wilkinson I, Struijker-Boudier H. Expert consensus 
document on arterial stiffness: Methodological issues and clinical applications. 
Eur Heart J. 2006;27:2588-2605 
29. Kelly R, Hayward C, Avolio A, O'Rourke M. Noninvasive determination of age-
related changes in the human arterial pulse. Circulation. 1989;80:1652-1659 
Ph.D. Thesis – D. Chirico; Brock University – Health Biosciences 
	   167 
30. Chen CH, Ting CT, Nussbacher A, Nevo E, Kass DA, Pak P, Wang SP, Chang 
MS, Yin FC. Validation of carotid artery tonometry as a means of estimating 
augmentation index of ascending aortic pressure. Hypertension. 1996;27:168-175 
31. O'Rourke MF, Staessen JA, Vlachopoulos C, Duprez D, Plante GE. Clinical 
applications of arterial stiffness; definitions and reference values. Am J Hypertens. 
2002;15:426-444 
32. Mackenzie IS, Wilkinson IB, Cockcroft JR. Assessment of arterial stiffness in 
clinical practice. QJM. 2002;95:67-74 
33. Van Bortel LM, Duprez D, Starmans-Kool MJ, Safar ME, Giannattasio C, 
Cockcroft J, Kaiser DR, Thuillez C. Clinical applications of arterial stiffness, task 
force iii: Recommendations for user procedures. Am J Hypertens. 2002;15:445-
452 
34. Cooper VL, Hainsworth R. Effects of head-up tilting on baroreceptor control in 
subjects with different tolerances to orthostatic stress. Clin Sci (Lond). 
2002;103:221-226 
35. Iellamo F, Legramante JM, Raimondi G, Castrucci F, Massaro M, Peruzzi G. 
Evaluation of reproducibility of spontaneous baroreflex sensitivity at rest and 
during laboratory tests. J Hypertens. 1996;14:1099-1104 
36. Akimoto T, Sugawara J, Ichikawa D, Terada N, Fadel PJ, Ogoh S. Enhanced 
open-loop but not closed-loop cardiac baroreflex sensitivity during orthostatic 
stress in humans. Am J Physiol Regul Integr Comp Physiol. 2011;301:R1591-
1598 
37. Ebert TJ. Carotid baroreceptor reflex regulation of forearm vascular resistance in 
man. J Physiol. 1983;337:655-664 
38. Ogoh S, Volianitis S, Nissen P, Wray DW, Secher NH, Raven PB. Carotid 
baroreflex responsiveness to head-up tilt-induced central hypovolaemia: Effect of 
aerobic fitness. J Physiol. 2003;551:601-608 
39. Pawelczyk JA, Raven PB. Reductions in central venous pressure improve carotid 
baroreflex responses in conscious men. Am J Physiol. 1989;257:H1389-1395 
40. Victor RG, Mark AL. Interaction of cardiopulmonary and carotid baroreflex 
control of vascular resistance in humans. J Clin Invest. 1985;76:1592-1598 
41. Toorop RJ, Scheltinga MR, Moll FL, Bleys RL. Anatomy of the carotid sinus 
nerve and surgical implications in carotid sinus syndrome. J Vasc Surg. 
2009;50:177-182 
42. Tomiyama H, Kihara Y, Nishikawa E, Watanabe G, Nakayama T, Sakamoto N, 
Morooka S, Yoshida H, Doba N. An impaired carotid sinus distensibility and 
baroreceptor sensitivity alter autonomic activity in patients with effort angina 
associated with significant coronary artery disease. Am J Cardiol. 1996;78:225- 
227 
43. Michas F, Manios E, Stamatelopoulos K, Koroboki E, Toumanidis S, Panerai RB, 
Zakopoulos N. Baroreceptor reflex sensitivity is associated with arterial stiffness 
in a population of normotensive and hypertensive patients. Blood Press Monit. 
2012;17:155-159 
44. Mattace-Raso FU, van den Meiracker AH, Bos WJ, van der Cammen TJ, 
Westerhof BE, Elias-Smale S, Reneman RS, Hoeks AP, Hofman A, Witteman JC. 
Ph.D. Thesis – D. Chirico; Brock University – Health Biosciences 
	   168 
Arterial stiffness, cardiovagal baroreflex sensitivity and postural blood pressure 
changes in older adults: The rotterdam study. J Hypertens. 2007;25:1421-1426 
45. Lenard Z, Studinger P, Kovats Z, Reneman R, Kollai M. Comparison of aortic 
arch and carotid sinus distensibility in humans--relation to baroreflex sensitivity. 
Auton Neurosci. 2001;92:92-99 
46. Reneman RS, van Merode T, Brands PJ, Hoeks AP. Inhomogeneities in arterial 








































Ph.D. Thesis – D. Chirico; Brock University – Health Biosciences 
	   169 
Chapter 8: General Discussion 
8.1 Summary of Major Findings 
 
 An overview of major findings is depicted in Figure 8-1. Results from Chapter 4 
(study 1) provided important new information regarding the effect of sex and maturation 
on BRS. The major finding was a sex-by-maturation interaction whereby males 
demonstrated a decrease in BRS from early- to post-puberty, while BRS for females 
remained unchanged. This was associated with a sex difference post-puberty. These 
findings were in contrast to our hypothesis that BRS would improve with maturation, but 
supports the hypothesis that maturation is important to consider when examining BRS in 
children and adolescents. Age, height, body mass, BMI, SBP, and MAP were significant 
correlates of BRS but they did not explain the sex-by-maturation interaction when 
included in the ANCOVA analyses. Age was only weakly correlated with BRS in males. 
Importantly, anthropometric and cardiovascular changes with puberty are supported by 
our results. We found height, body mass, BMI, FFM, and FM to increase with 
maturation.  
 In order to elucidate an explanation for the sex-dependent maturation effect on 
BRS, Chapter 5 (study 2) examined the relationship between maturation and CCA 
distensibility, as well as the relationship between CCA distensibility and BRS. To our 
knowledge there was no study assessing maturation and CCA distensibility across all 
stages of pubertal maturation at the onset of this PhD project (2010). Given that arterial 
distensibility is an important component of BRS, it was hypothesized that the sex-by-
maturation interaction would be explained by a similar pattern in CCA distensibility. This 
was further supported by previous findings by Ahimastos et al., (2003)1 who compared 
central PWV in pre- and post- pubertal boys and girls. Their results demonstrated a sex-
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by-maturation interaction in which girls demonstrated a significant decrease in central 
arterial stiffness from pre-to-post-puberty, while males demonstrated an increase. Based 
on the findings from Chapter 4, and those reported by Ahimastos, we hypothesized that 
CCA distensibility would change with maturation in a similar pattern as BRS. 
Specifically, it was hypothesized that males would demonstrate a decrease in CCA 
distensibility, whereas females would demonstrate unchanged or increased distensibility. 
In this study we found that CCA distensibility did not change with maturation in males or 
females; it remained stable throughout. Furthermore, CCA diameters and IMT also 
remained stable throughout maturation. There were sex differences evident in CCA 
maximum and minimum diameters, as well as IMT. There was no interaction between 
sex and maturation. Additionally, there was no association between CCA distensibility 
and BRS. These findings suggest that the observations in Chapter 4 may be explained by 
neural alterations of the baroreflex, as there was no relationship between CCA 
distensibility and maturation or BRS in Chapter 5. The disparities between the findings of 
Ahimastos et al., (2003)1 and ours may be the result of different measurement techniques 
encompassing different segments of the arterial tree. CCA distensibility is a measure of 
local arterial stiffness, while PWV is a measure of regional stiffness.2 Regional measures 
of stiffness incorporate multiple arterial segments containing varying degrees of stiffness; 
therefore, relating regional and local measurements of stiffness may not be accurate.2, 3 
Studies in adults have shown the aorta stiffens to a greater degree than the CCA with age 
and in the presence of cardiovascular risk factors.4-6 Hence, the aorta may be more 
susceptible to maturation or age-related changes than the carotid artery. There is also 
evidence demonstrating that increased stiffness can be detected in the CS prior to the 
Ph.D. Thesis – D. Chirico; Brock University – Health Biosciences 
	   171 
CCA with respect to aging and cardiovascular disease risk factors in adults.7 This 
provides support for assessing the CS over the CCA when examining the effect of arterial 
distensibility on BRS.  
To further examine the importance of the arterial component on BRS, Chapters 6 
(study 3) and 7 (study 4) aimed to determine whether assessing the CCA was suitable to 
examine the relationship between arterial distensibility and BRS in response to orthostatic 
stress. In Chapter 6 we tested the hypothesis that central arteries (CCA and CS) respond 
differently than peripheral arteries (Finger), with respect to PP, to orthostatic stress. 
Secondly, we hypothesized that PP in the CS would differ from that of the CCA. Our 
findings demonstrated a significant decrease in PP at the periphery site (Finger), but not 
centrally (CCA, CS), in response to SR. The PP at the CS was also significantly greater 
than the CCA. These findings suggest that assessing arterial properties at the CS might 
prove to be useful when assessing the relationship between arterial properties and BRS. 
Chapter 7 aimed to address the question of whether CS distensibility is a better predictor 
of BRS than the CCA in response to orthostatic stress. In this study we used ultrasound 
imaging of the CCA and CS, as well as tonometry at each location, to determine 
distensibility in the supine and SR positions. We found that the relative change in 
distensibility at the CS was significantly and positively correlated to the relative change 
in BRS in response to SR. This was not the case for the CCA. Furthermore, relative 
StrainCS change was also significantly correlated with relative change in BRS. These 
findings support the hypothesis that examining the CS is more suitable to assess the 
relationship between arterial mechanical properties and BRS.  
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Figure 8-1 
Overview of major novel findings 
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8.2 Maturation and Sex 
8.2.1 Baroreflex Sensitivity 
 
As indicated previously, the findings from study 1 demonstrated a significant sex-
by-maturation interaction whereby BRS decreased in males from early- to post-puberty, 
but remained unchanged in females. This resulted in a sex difference in the Post group 
with females having greater BRS than males. Baroreflex function is reduced in children 
and adolescents with cardiovascular risk factors such as obesity,8-11 and high BP.12-14 The 
significance of this diminished BRS can only be understood in comparison to normal 
healthy development. Furthermore, it is not known how diminished BRS at a young age 
can impact BRS and cardiovascular risk, in adulthood. The findings of the present study 
contribute to our understanding of the importance of maturation on autonomic function, 
as well as the importance of considering pubertal maturation when evaluating BRS in 
children and adolescents. There is only one study that we are aware of examining 
pubertal maturation on BRS, 15 while others have used age to assess the development of 
BRS.16, 17 
Our findings are in contrast with previously reported studies in children and 
adolescents. In an attempt to assess the maturation of cardiovagal BRS Lenard et al., 
(2004)17 examined children, adolescents, and young adults from 7-22 years old and 
categorized them into age groups. BRS increased with increasing age group from 7-18 
years old with no further change in the 18-22 year olds. This study is limited by the use 
of age, not puberty, to assess maturation of BRS. In contrast, Zavodna et al., (2008)16 
found that BRS was not related to age in children and adolescents 11-22 years old. Only 
one study by Dietrich et al., (2006)15 has examined the effect of puberty on BRS, in a 
large sample of 10-13 year olds, by categorizing individuals into pubertal groupings using 
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the criteria of Tanner. Although no maturation effect on BRS was found in the supine 
position, this study failed to include a full scope of pubertal maturation as it clustered a 
number of pubertal stages into a single grouping. Therefore, our findings are the first to 
demonstrate the importance of maturation and sex on BRS in children and adolescents.  
Elucidating a mechanism to the sex-by-maturation interaction effect is beyond the 
scope of this particular study. While a majority of studies examining sex differences in 
BRS in adults have found males to have significantly greater BRS than females,18-22 this 
finding is not universal.23 Reports of sex differences in children and adolescents are 
equivocal.15-17 Our findings demonstrated that a sex difference emerges in the Post group 
and highlights the importance of maturation status in determining sex differences in 
children and adolescents. Furthermore, our findings suggest a possible sex hormone 
influence on BRS development. The beneficial effect of testosterone and estrogen on 
BRS has been demonstrated in both animals and adults.24-27 The present study did not 
measure sex hormones and cannot draw conclusions on their possible impact on the 
present findings. Future work in children and adolescents regarding the impact of sex 
hormones on BRS development is required.  
An important component of baroreflex function is the arterial mechanical 
component. Several studies have demonstrated the important relationship between arterial 
distensibility and BRS in adults.28-33 The sex-by-maturation effect found in Chapter 4 
may be a reflection of differential effects of maturation on arterial distensibility in males 
and females. Chapter 5 (study 2) aimed to examine the effect of maturation on CCA 
distensibility, and the relationship between CCA distensibility and BRS.  
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8.2.2 Common Carotid Distensibility 
 
 In the present study there was no evidence of a maturation or sex effect on CCA 
distensibility. Similarly, there were no changes in CCA maximum or minimum diameters 
throughout maturation. The findings of the present study indicate that the sex-by-
maturation interaction found in Chapter 4 cannot be explained by changes in CCA 
distensibility. Our findings are consistent with two recent reports in the literature with 
regards to maturation, sex, and CCA distensibility. Marlatt et al., (2013)34 evaluated CCA 
distensibility in a large cohort of children and adolescents and grouped them into pubertal 
stages based on the criteria of Tanner. It was found that CCA distensibility remained 
stable throughout maturation. The authors concluded that controlling for pubertal 
maturation when evaluating CCA distensibility in children and adolescents is not 
necessary. In another study by Marlatt et al., (2013),35 sex differences were not evident in 
CCA distensibility in children and adolescents.   
In the present study we found that CCA distensibility was not related to BRS. 
Limited studies have examined the effect of arterial distensibility on BRS in children and 
adolescents. Lenard et al., (2004)17 examined CCA distensibility and BRS in children, 
adolescents, and young adults aged 7-22 years old. They found that CCA distensibility 
decreased with age while BRS increased. Furthermore, there was no sex difference in 
CCA distensibility. A study by Pinter et al., (2007)36 found that children and adolescents 
with surgically repaired transposition of the great vessels had decreased CCA 
distensibility compared to controls, but no difference in BRS. Furthermore, CCA 
distensibility did not correlate with BRS in either group. Both studies suggest neural 
adaptations maintain BRS in the presence of decreased CCA distensibility. The results of 
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our investigation also highlight the importance of neural alterations.  
Our findings, as well as those by Marlatt et al., (2013a, 2013b),34, 35 are in contrast 
to the findings of Ahimastos et al., (2003)1 in which there was a sex-by-puberty 
interaction in aortic PWV. They found that PWV was greater in pre-pubertal girls 
compared to boys, but PWV increased in boys post-puberty (increased aortic stiffness) 
and decreased in girls, eliminating sex differences. The present study did not examine 
PWV and cannot draw conclusions based on its impact on BRS with respect to 
maturation. However, it has been shown by Lenard et al., (2001)37 that aortic arch 
distensibility is a stronger predictor of BRS than CS distensibility in aging adults.  Taken 
together, these studies suggest the possibility of aortic stiffness explaining the sex-by-
maturation effect in Chapter 4. The importance of PWV on BRS has been demonstrated 
in adults.28, 38 Future directions in children and adolescents should examine the role of 
aortic stiffness and maturation, and its effect on BRS. This may provide further insight 
into the maturation effect of BRS found in Chapter 4.  
8.3 Arterial Stiffness and BRS 
 
Several investigations have examined the importance of arterial properties on 
BRS.28, 32, 39 Bonyhay et al., (1996)33 examined the relationship between CCA 
distensibility and BRS in young healthy adults with a mean age of 22 years. They found a 
significant correlation between CCA distensibility and BRS (r=0.78). It was the sole 
predictor of BRS using forward stepwise regression and explained 61% of the variability 
in BRS. Monahan et al., (2001)30 further highlighted the importance of arterial elasticity 
on BRS when examining the relationship between age, BRS, and CCA compliance in 47 
healthy adults aged 19-76 years. There was a negative correlation between BRS and age 
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(r=-0.69), and a positive correlation between CCA compliance and BRS (r=0.71). 
Common carotid compliance was the strongest independent predictor of BRS and 
explained 51% of the variability. When partial correlation analysis was completed 
between age and BRS, controlling for CCA compliance, the relationship between age and 
BRS was weaker. An additional component to this study was a 3-month aerobic training 
program in 13 adults (>50 years of age). Cardiovagal BRS and CCA compliance 
improved over the exercise intervention by 27% and 29%, respectively. There was a 
strong positive relationship between the change in CCA compliance and cardiovagal BRS 
(r=0.72). The increase in CCA compliance explained 50% of the variability that was 
associated with the cardiovagal BRS improvement.30 Together, the studies of Monahan 
and Bonyhay demonstrate the importance of CCA distensibility on BRS in healthy adults.  
 The interest in determining the importance of the arterial mechanical component 
on BRS versus the neural component led to the advanced methodology created by Hunt et 
al., (2001)40 to quantitatively delineate each component. This technique utilizes drug-
induced increases and decreases in BP while simultaneously recording CCA diameters, 
RRI, and SBP. This allows for the quantification of integrated BRS, as well as the 
individual mechanical and neural components. This method has been applied in various 
experimental conditions in order to elucidate the mechanism of reduced BRS that occurs 
with aging,29, 41 hypertension,42 and orthostatic stress.31, 43 Various studies, using a variety 
of techniques, remain equivocal on the importance of one component over the other.29-32, 
39, 41, 43  
 The importance of measurement site location was highlighted by Kornet et al., 
(2002)44. They illustrated that central measures of CCA distension, distension rate, and 
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relative distension explain the variability in RRI to a greater extent than peripheral 
measures of pressure. They suggested that in order to eliminate the bias that may arise 
from peripheral measurements, only the relationship between changes in CCA diameter 
to changes in RRI should be considered. The objective for Chapters 6 and 7 was to 
examine the relationship between arterial properties and BRS in response to orthostatic 
stress by comparing the CCA and CS. In Chapter 6 we examined the differences between 
PPCS, PPCCA, and PPFinger to determine differences between sites in supine, and in 
response to postural change. We found that PPCS was greater than PPCCA, and that PPFinger 
was greater than both PPCS and PPCCA in the supine position. These findings are 
important as they provide evidence that the use of PPFinger, and even PPCCA, may not 
accurately reflect local pressure in the CS. It was also found that PPFinger decreased in 
response to posture change, while PPCS and PPCCA remained unchanged. This is also an 
important finding to consider when examining the relationship between arterial properties 
and BRS in response to orthostatic stress. Our findings are consistent with Steinback et 
al., (2004)45 and extend their findings to the CS, as well as children and adolescents. With 
our previous findings in consideration, Chapter 7 aimed to determine the importance of 
CS distensibility on BRS in response to posture change. In this study, 12 children and 
adolescents (4 males and 8 females) were included. It was found that the relative change 
in CS distensibility was correlated (r=0.757) with the relative change in BRS from supine 
to SR posture; however, relative change in CCA distensibility was not. Furthermore, the 
relative change in StrainCS was correlated (r=0.669) with relative change in BRS, but 
StrainCCA was not.  
A series of recent studies have provided support for the investigation of the CS 
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over the CCA. Two studies conducted by Toorop and colleagues46, 47 have made 
contributions to the understanding of baroreceptor location and CS nerve innervation. 
They aimed to determine CS nerve anatomy using twelve human cadavers. It was 
determined that the CS nerve ran parallel to the ICA and always ended at the level of the 
bifurcation in a position of anteromedial (n=6/12), anterolateral (n=5/12) or anteriorly 
(n=1/12) in relation to the ICA; demonstrating a consistent innervation in the anterior 
portion. Distal portions of the CS nerve had numerous connections to the CS wall and/or 
carotid bifurcation. Their more recent study aimed to localize baroreceptor distribution in 
the CS.47 Using a staining technique and light microscopy they localized staining to the 
adventitia, including the adventitia-media border. Positive staining was abundant in the 
medial portion of the CS with minimal or absent staining in the anterior and posterior 
portion. This was localized 1cm distal to the bifurcation with no staining evident in the 
CCA, external carotid artery, or 2 cm distal to the bifurcation. Together, these findings 
demonstrate the importance of examining the CS when determining the effect of arterial 
distensibility on BRS.  
It is assumed that CCA distensibility represents CS distensibility; however, this 
may not be a correct assumption in aging, CVD risk factors, or even the maturing 
adolescent. With respect to aging and CVD risk factors, Van Merode et al., (1993)7 
examined strain and distensibility in the CS at its proximal, max (central), and distal 
locations versus the CCA in borderline hypertensive older adults (mean age 38 years) 
compared to age-matched normotensive controls, and normotensive young adults (mean 
age 24 years). Strain did not differ at any site in the young normotensives, but was 
significantly lower at the distal and proximal CS compared to the CCA in the 
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normotensive older group. Strain was lower at all parts compared to CCA in the 
borderline hypertensives. The proximal portion was also lower than the distal and max 
CS locations in this group. This is an important finding as baroreceptors are localized in 
the proximal portion of the CS.47 Our findings of decreased StrainCS in the proximal ICA, 
and not StrainCCA, in response to posture change are similar to the findings of Van 
Merode et al., (1993).7 Furthermore, distensibility was decreased in the borderline 
hypertensives compared to age-matched controls at all locations except for the distal CS. 
In addition, an age-related change in distensibility between young and older adults was 
only seen at the sites of the CS. These findings suggest that alterations in CS 
distensibility occur prior to changes in the CCA, which supports our findings of the 
importance of examining the CS when assessing the relationship between arterial 
distensibility and BRS. Examining the CS is also of clinical relevance as carotid stenosis 
typically occurs in the body of the CS.48, 49  
The importance of assessing the CS over the CCA when examining the effect of 
arterial distensibility on BRS is also applicable to children and adolescents. An 
interesting study conducted by Seong and colleagues 50 examined morphological 
characteristics of the carotid bifurcation from infancy to young adulthood (0-36 years). 
They found that the ICA was similar in size to the external carotid artery up to 9 years of 
age; however, between the ages of 10-19 there was significant growth at the root of ICA. 
Therefore, significant growth at the proximal root of the ICA occurs during adolescence. 
This further supports that importance of examining the relationship between CS 
distensibility and BRS in children and adolescents. This may potentially help explain the 
maturation related changes that occur with BRS.  
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8.4 Future Directions 
 
 The findings of the present thesis demonstrate the importance and necessity of 
examining autonomic cardiovascular control in children and adolescents. Based on the 
findings in Chapter 4 several future directions are necessary. We have demonstrated the 
importance of sex and pubertal maturation on BRS. To gain a better understanding of this 
relationship, a longitudinal assessment would be beneficial to follow children as they 
progress through puberty. This will allow for a more accurate representation of pubertal 
development. Examining sex hormone concentrations is also an important future step to 
understand the relationship between pubertal maturation and BRS. This will help to 
elucidate a mechanism for the relationship between maturation and BRS.  
In order to determine the significance of early exposure to cardiovascular risk 
factors in children and adolescents and their impact on future autonomic development, 
tracking cardiovascular risk factors during this time period, and their impact on BRS, is 
necessary. This will allow for the identification of critical time periods in which exposure 
to risk factors have the greatest impact on autonomic development in children and 
adolescents. Furthermore, a better understanding of factors that may facilitate autonomic 
development is necessary. Currently, limited research exists examining the impact of 
physical activity on BRS in children and adolescents. A better understanding of the 
relationship between physical activity, pubertal maturation, and BRS in children and 
adolescents will provide a gateway to understanding critical time periods in which BRS 
can be improved in children and adolescents.  
It is also necessary to further evaluate the impact of the arterial mechanical and 
neural components on BRS development in children and adolescents. The findings from 
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Chapter 5 implicate involvement of the neural component in terms of the sex and 
maturation effects on BRS. Evaluating the neural component of BRS in children and 
adolescents is difficult as most studies use invasive pharmacological techniques to 
quantify the individual components.40 This is an unlikely option in children and 
adolescents. The findings of the present thesis demonstrate the importance of developing 
techniques to evaluate neural alterations during puberty, and its influence on BRS. 
Researchers have effectively quantified the individual components non-invasively using 
advanced imaging techniques and transfer function analysis.31 Currently, our laboratory is 
attempting to implement similar techniques in children and adolescents. Knowledge of 
the specific component(s) responsible for baroreflex function will allow researchers to 
implement specific interventions in order to improve BRS.  
 Lastly, based on the results of Chapters 6 and 7, an important future direction is 
to further understand the importance of CS distensibility on BRS. This work is necessary 
in both children and adults, as little attention has been given to the CS. Evaluating CS 
maturation and its relationship to BRS will provide further insight into the importance of 
the mechanical component on BRS in children and adolescents. The finding from Chapter 
7 that relative change in CS distensibility is significantly related to the relative change in 
BRS with orthostatic stress suggests that maturation of the CS and its relationship to BRS 
should be evaluated over the CCA.  
8.5 Limitations 
 
Maturation was self-reported using the criteria of Tanner. Although this has 
demonstrated good agreement with physician reported maturation stage using Tanner,51 
there may be bias in the self-reported stages, and difficulty in deciphering between stages. 
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Furthermore, the timing and tempo of maturation was not evaluated because Tanner stage 
was reported on one visit. Therefore, a given group can encompass individuals at the 
early, or late end of a given stage. Also, the studies in the current thesis did not measure 
sex hormone concentrations. This would provide important information on the impact of 
sex hormones on changes in BRS in children and adolescents. The use of sex hormones 
could also aid in the verification of pubertal stage. Although this would provide some 
insight into pubertal development, threshold sex hormone concentrations have not been 
linked to specific Tanner stages. Therefore, having sex hormone concentrations would 
not necessarily help improve pubertal staging.  
The effect of sex hormones on BRS has been documented.25-27, 52-57 Research in adults 
regarding the impact of sex hormones on BRS has been studied throughout phases of the 
menstrual cycle, with inconsistent findings.58-61 The long-term hormonal alterations that 
occur during puberty and their impact on autonomic control are likely more complex than 
the acute changes in hormones that occur throughout the menstrual cycle. Therefore, 
future research is needed in this area in children and adolescents in order to fully 
understand maturation of autonomic function. We believe that our findings provide 
strong support for more detailed evaluation of the impact of sex hormones on BRS in 
future studies. Moreover, menstrual cycle phase was not controlled for in the present 
studies. Fluctuations in sex hormones throughout the menstrual cycle have been shown to 
influence BRS; however, this finding is inconsistent in adults and has not been examined 
in adolescents. A study by Hayashi et al., (2006)61 failed to demonstrate variations in 
BRS throughout the menstrual cycle in young women (20 years old), while Tanaka et al., 
(2003)58 demonstrated a menstrual cycle effect in older women (24 years old). Hayashi 
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suggested the lower concentration of estrogen in younger women might explain the 
inability to replicate the findings of Tanaka. This rationalization would certainly be 
applicable to a younger adolescent population, as well. Similar disparities exist in the 
literature with the effect of menstrual cycle phase on arterial distensibility in adults.61, 62 
Additionally, given greater menstrual cycle irregularity in adolescent girls and longer 
intermenstrual cycle length, hormone concentrations are likely to be lower and 
demonstrate more gradual variations. Furthermore, menstrual cycle irregularity increases 
the complexity of participant scheduling with no previous experimental evidence 
supporting its importance in adolescents. Therefore, not controlling for menstrual cycle 
phase in the present studies is deemed to be acceptable and not believed to have impacted 
the results.  
 The effect of time of day on BRS may also be an important limitation. It has been 
shown that BRS is consistently lower in the morning.63, 64 The mechanisms involved are 
not fully understood; however, Taylor et al., (2011)65 suggest this may be attributed to 
both mechanical and neural component alterations. BRS calculated by rising BP is 
reduced in the morning due to mechanical component reductions, whereas a reduction in 
BRS in response to decreasing BP has been attributed to the neural component. This is 
important to consider when evaluating BRS over repeated measurements, as well as 
between groups. Participants were tested at various times of the day due to participant 
and parent availability, and should be considered a limitation of the present studies.  
A final limitation to address is the impact of physical activity and fitness as a possible 
confounder. Several studies in adults have shown the beneficial effects of physical 
activity and exercise training on BRS and arterial distensibility.30, 41, 66 Research 
Ph.D. Thesis – D. Chirico; Brock University – Health Biosciences 
	   185 
regarding physical activity and fitness levels and BRS in children and adolescents has 
received little attention. It has been shown that physical activity and fitness are predictors 
of autonomic function in children and adolescents.15, 67, 68 Adolescence is a time period of 
marked changes in physical activity that often results in a decline in activity levels.69-71 It 
is important to note that physical activity levels have been shown to decline more rapidly 
in females than males.72 Therefore, it is not likely that physical activity levels influenced 
the findings of decreased BRS with maturation in males and greater BRS in females post-
puberty. As well, we have shown previously that peak VO2 is not related to BRS in a 
sample of adolescents.73 Further research is necessary to understand the importance of 
physical activity and fitness on BRS in children and adolescents.   
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Appendix 
A) Example of CCA ultrasound image and corresponding pressure waveforms for a 
participant.   
 
 
A-1) Common carotid artery 2-D B-mode image 1-2 cm proximal to the carotid 
bifurcation. Included is region of interest (boxed area) and diameter measurement using 




A-2) Common carotid artery pressure waveform using applanation tonometry.  
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B) Example of CS ultrasound image and corresponding pressure waveforms for a 




















B-1) Carotid bifurcation 2-D B-mode image. ICA=internal carotid artery; ECA=external 
carotid artery; CS=carotid sinus; CCA=common carotid artery. Included is region of 
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C) Example of analysis for IMT measurement. 	  
B-mode ultrasound image of the right common carotid artery. Green lines represent 
measurement of intima-media thickness of the posterior wall. The top line is landmarked 
at the lumen-intimal border and the bottom line is landmarked at the medial-adventitial 
border.  
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